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ABSTRACT
Functional surfaces which can control light across the electromagnetic spectrum are highly
desirable. With the aid of advanced modeling and fabrication techniques, researchers have
demonstrated surfaces with near arbitrary tailoring of reflected/transmitted amplitude, phase and
polarization - the applications for which are diverse as light itself. These systems often comprise
of structured metals and dielectrics that, when combined, manifest resonances dependent on
structural dimensions. This attribute provides a convenient and direct path to arbitrarily engineer
the surface’s optical characteristics across many electromagnetic regimes. But while many of
these plasmonic systems struggle to compete with the efficiency of pre-existing technologies, the
ability to tune plamsonic structures post-fabrication is a distinct advantage which may lead to novel
devices. In this work, I will summarize fundamental and applied aspects of tunable plasmonic
systems as applied to the visible and infrared regimes. I will demonstrate how liquid crystal may
be used to dynamically and reversibly tune the plasmonic resonances of metallic surfaces on a
millisecond time scale. For the visible, this results in dynamic color-changing surfaces capable of
covering the entire RGB color space and which is compatible with active addressing schemes. I
will then show the application of these concepts to infrared absorbers through the use of liquid
crystal and phase change materials. The later of these devices can find use in infrared data/image
encoding, thermal management and camouflage. Together, these works explore the limits of
tunable plasmonic systems and the novel devices they might lead to.
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CHAPTER 1:
INTRODUCTION TO STRUCTURAL COLOR
Background and Motivation
The range of colors and hues in the natural world are amazing, but perhaps even more
astonishing is that many of the most striking originate from living creatures. The mechanisms
underlying this color are as varied as the species, but can be broken into two main categories:
pigmentation and structural color. In pigment producing cells, molecules absorb part of the visible
spectrum while leaving the rest to be scattered back to the viewer. Structural color, on the other
hand, is produced through combinations of reflection, scattering and interference within groups of
cells or external nanostructures. Of these two classes, structural color serves as the primary color
generating mechanism in several extremely vivid species as observed in Figure 1.
As structural color depends on the physical dimensions of underlying nano and
microstructures, many of these animals remain their respective colors throughout life; or undergo
gradual changes through growth of new nanostructures triggered by maturity or cyclic mating
seasons.

However, there exists an even smaller set of creatures capable of actively, and

extraordinarily, controlling their color. The two most well-known examples, cephalopods and
chameleons, can cover vast swaths of color within seconds. In some extreme instances, these
creatures are even capable of controlling the amount of light reflected and its polarization. This
incredible mastery over light gives a selective evolutionary advantage to creatures capable of doing
so through intra-species communication, camouflage and aggressive/bright warning displays when
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all else fails. Further still, these ‘color displays in nature’ are accomplished on thin, flexible,
stretchable, curvilinear surfaces – in contrast to, state-of-the-art manmade displays which are still
vastly flat, rigid and brittle. This combination of function and form makes them, truly, one of the
most engineered optical systems known to man.

Figure 1 | Examples of Structural Color in Nature Static and non-tunable colors exist within the wings,
feathers and scales of butterflies, birds and fish. The blue-ring octopus produces displays of dynamic colors.

It’s with the capabilities of cephalopods in mind that the following five years of work were
conducted. Beginning with a survey of current technology, I hope to explain the reasoning, results
and pitfalls of my research efforts to realize displays comparable in attributes to those found in
nature, namely; the control of reflected ambient light to obtain high quality color, the ability to
tune this color, iridescence or lack-there-of, and compatibility with flexible substrates. Lastly, the
concepts gained through these studies are applied to regions outside the visible spectrum to result
in ‘color’ tunable infrared images.
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State-of-the-Art

Reflective Color
Generation
Pigmentation

Structural

Polymer Filters

E-readers
(Kindle)

Conventional
Reflective Liquid
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Pros:

-Angle Independent
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-Diffuse Paper-Like
Cons:
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- <50% Reflection

Interferometric
Modulator
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-Microsecond
Switching
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-Angle Dependent

Figure 2 | Methods and Comparisons of Reflective Color Generation Technology

A wide range of reflective displays have recently been developed, and Figure 2 compares
several of the most prominent. Much like color generation in animals, reflective displays can be
separated into the same two main categories; pigmentation and structural color. Under the tent of
pigmentation are products such as e-ink based “E-readers”, and color filter based liquid crystal
displays. E-readers use the translocation of charged pigmented beads, and as such, require seconds
to switch between images. Due to the macroscopic size of each pixel, resolution and color
reproduction are also limited. Reflective liquid crystal displays are much quicker, taking only
milliseconds to switch states, but are limited in brightness as polarizers immediately halve the
amplitude of the reflected light and dedicated sub-pixel regions reduce the area of the display
available to create an arbitrary color.
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Dielectric Structural Color
Many structural color based displays are currently in development and have only recently
entered the market. One such device is an interferometric modulator produced by Qualcomm
where within each pixel, a cavity is formed between a Bragg stack and a MEMS mirror1. By
controlling the cavity spacing, the reflected light experiences either constructive or destructive
interference resulting in a bright color or dark state. While producing the signature bright vivid
colors of Bragg reflection, the device is inherently angle sensitive and limited to rigid substrates.
Another emerging structural color based device uses a photonic crystal made from silica spheres
submerged within an electro-active polymer, and is branded Photonic Ink (P-ink)2,3. The polymer
stretches as a field is applied, increasing the period of the photonic crystal and therefore the
wavelength of reflected light. Currently, this type of technology is the most direct analog to the
mechanisms employed by chameleons which also use the spacing of photonic crystals to create
and change color4,5. While the colors of the man-made version are vivid and tunable, the response
time of the polymer is tens of seconds, making video impossible. Possibly due to this and other
material constraints, the founders of the technology, Opalux, have since focused on security and
anti-counterfeiting applications. Alternatively, the particles themselves can be made charged or
magnetic and operate on the millisecond time scale6. Others have used block co-polymers to
change the thickness of dielectric layers and therefore the wavelengths of reflected light 7,8.
Cholesteric and blue phase LC displays behave in a similar manner9,10. Helixes of LC form
periodic change in refractive index which produce Bragg reflections at desired wavelengths. The
LC structures can be switched through an external field thereby producing different colors and
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even dark and light states11. While producing vivid color, these devices are limited in brightness
as the helical structures only reflect circular light of the same handedness of the LC.
Plasmonic Structural Color
Within the umbrella of structural color, there exists a second class originating from the
unique properties of nanostructured metals. Termed plasmonics, the electromagnetic responses of
these systems are not just governed by the complex permittivities of its constituent components,
but also the geometry in which they exist. This geometry is critical in determining the coupling
mechanisms of the surface with external light and can be engineered to impart desired attributes.
When excited by light at a resonant wavelength, plasmonic structures produce localized and/or
propagating waves of charge density termed surface plasmons. These waves produce tightly
focused evanescent fields which extend into and are sensitive to the surrounding media’s dielectric
constant. In the vicinity of other metals, the excitations of individual elements couple to form new
system level resonances. Energy coupled into any type of these oscillations are then dissipated
through resistive heating. If these absorption resonances are designed for the visible spectrum, this
can result in vividly colored surfaces12-21. The dependence of plasmonic resonances on spatial
dimensions and surrounding media open up valuable opportunities by which to dynamically tune
and control the properties of incident light.
As such, structural color arising from plasmonic nanomaterials and surfaces has received
increasing attention15,18,22-31. These nanostructures have demonstrated diffraction limited color
through the subwavelength confinement of light and can produce the smallest color generating
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elements physically possible. Along with the ability to control phase and polarization, these
metallic nanostructures could lead to very small pixels useful for next generation projection or 3D
displays. The drive to commercialize these systems has also led to significant improvements in
color quality32,33, angle independence31,34, brightness35, and post-fabrication tunability20. But
while most of these advances struggle to replace present commercially available technologies, the
ability to change color, post-fabrication, through control of external surrounding media is an
advantage of plasmonic systems over typical pigmented color and which may allow it to fill niche
applications. For example, traditional transmissive and reflective displays typically have three
sub-pixel regions with static red, green and blue color filters. These sub-pixels control the amount
of each basis color transmitted or absorbed to create arbitrary colors through a process called color
mixing. On the contrary, a display built from a dynamic color changing surface can eliminate the
need for individual sub-pixels, increasing resolution by two thirds without reducing pixel
dimensions.
Plasmonic based color displays remain highly unexplored in comparison to the other
branches of color generating technologies36,37. But with the distinct advantages they hold, could
lead to the highest resolution and versatile devices needed for the next generation of 3D, near-eye,
or projection displays.
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CHAPTER 2:
LIQUID CRYSTAL TUNABLE PLASMONIC
Polarization Independent Colori
The field of plasmonics has grown over the years due to its unique ability to confine light
to subwavelength regions of space. This enhanced confinement has enabled fundamental research
on light-matter interactions and, with recent advances in nanofabrication techniques, increased the
practical use of plasmonic nanostructures. Many optical applications for these nanostructures have
been demonstrated, such as high resolution color filters35,38-40, polarizers41, broad band absorbers42,
and selective reflectors32,34,43-45. A key aspect of these devices is the scalability of optical responses
with structural dimensions. However, once the respective device is fabricated with a given set of
dimensions its optical characteristics remain static32,44, severely restricting its potential
applications. Due to this limitation, much effort has been given into making these plasmonic
structures dynamic. One technique is to utilize the anisotropy and reconfigurability of liquid
crystals (LCs) to change the dielectric constant surrounding the metallic nanostructure, thereby
shifting the plasmon resonance spectral location46-48. To date, many of these examples deal with
infrared or terahertz frequencies49-51, and those that are in the visible regime remain limited to a
small range of color tunability due to the modest shifts (~10-40 nm) in plasmon resonance52-55.
While these works show that the phenomenon exists and can be controlled in a variety of ways,
they all fall short of the tuning range needed for practical devices.

i
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Within this section, we report an increase in this tuning ability up to 95 nm through the use
of a highly birefringent LC and a periodic array of shallow nanowells that allow complete LC
reorientation and maximum overlap between the plasmonic fields and LC. We develop design
rules for maximizing the continuous tuning of plasmonic resonances based on finite-elementmethod (FEM) and finite-difference time-domain (FDTD) simulations which facilitate accurate
predictions of the complex LC orientation on the nanostructured surface and subsequent optical
responses. We use the resulting design rules to fabricate a polarization independent reflective
surface where the color of the nanostructured surface is changed as a function of applied voltage.
In combination with nanoimprinted plasmonic surfaces of varying periods, a full range of
dynamically tunable color across the entire visible spectrum is achieved for the first time. The use
of LC enables fast millisecond scale switching times, outperforming present electroactive
polymer3 and electric/magnetic ink based56 reflective tunable color technologies. To further
emphasize the display potential of the system, the resultant color palette is exploited to form
dynamic color tunable images. Such an approach can not only lead to large area, thin-film display
elements on rigid and flexible substrates, but can also improve the active tunability of general
metamaterial systems.
Liquid Crystal-Plasmonic System
Figure 3 shows an illustration of the LC-plasmonic coupled system. The surface consists
of a shallow periodic array of nanowells coated with a continuous layer of aluminum. The surface
is used as part of a LC cell, in which the nanostructured aluminum serves as a bottom electrode.
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The other half of the LC cell consists of an indium tin oxide (ITO) coated glass substrate, a
polyimide alignment layer rubbed diagonally with respect to the grating vector of the plasmonic
nanostructure, and chopped silica spacers. A high birefringence (Hi-Bi) LC is placed inside the
cell in direct contact with the aluminum surface. Unpolarized white light transmits through the
top glass and LC layers and couples to the plasmonic modes of the aluminum surface. The spectral
location of these surface plasmon resonances (SPR) is dependent on the surrounding dielectric
constant and is determined by the LC’s orientation, which in turn, is controlled through the applied
electric field between the ITO layer and aluminum surface. Light which is not absorbed by the
surface is reflected back out of the LC cell to create a visible color. Figure 3 (a-b) illustrates a
single surface as the LC reorients between its two extrema and the resulting color change. This
method differs greatly from standard LC displays in which color is generated by static polymeric
filters and the LC, in conjunction with polarization layers, performs as a light valve.
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Figure 3 | Liquid crystal tunable plasmonic surface. (a) Schematic of plasmonic-liquid crystal cell with
impinging white light. Light transmits through the superstrate and liquid crystal layers to interact with the
reflective plasmonic surface. The metasurface selectively absorbs light while reflecting the rest back out of
the device. The wavelength of this absorption depends on the liquid crystal orientation near the interface
which in turn depends on the electric field applied across the cell. (b) An applied electric field across the
cell reorients the liquid crystal and changes the wavelengths of absorbed light.

To achieve a large plasmonic shift, several design considerations are taken into account.
A positive dielectric anisotropy nematic liquid crystal is used which, in general, has a larger dipole
moment than its negative counterpart. This lowers the electric field required to reorient the LC
while also increasing its birefringence. This is important as the shift in plasmonic resonance is
proportional to the LC’s birefringence. We therefore use a commercially available Hi-Bi LC
(LCM1107, LC Matter Corp.) with ne=1.97 and no=1.55, and a resultant birefringence of 0.42.
Secondly, the vertical electrode configuration allows for the plasmonic surface to serve as an
electrode. This also increases the ability of an applied field to reorient the LC near the aluminum
surface as compared to the fringe fields generated by an in-plane-switching device. With this
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electrode configuration and LC polarity, the off-state LC orientation must be parallel
(homogeneous) to the plasmonic surface to allow reorientation with an applied field. This places
several constraints on the nanostructure dimensions and constituent materials. It has been shown
that the orientation of LC on a nanostructured surface is highly dependent on the space in which it
is confined57-59, i.e., if the well depth-to-diameter ratio is too large, the LC aligns vertically
(homeotropic alignment) inside the well60.

For this reason, the nanowells must be shallow to

allow the homogeneous alignment of the LC inside. The orientation of the LC near the surface is
also material dependent. Various low loss plasmonic metals such as silver exhibit homeotropic
alignment due to their surface energy61, ultimately inhibiting tunability. While gold has been used
extensively in LC tunable plasmonics, its intrinsic intraband absorption in the visible spectral
domain makes it unsuitable for full visible color generation. For these reasons, aluminum is
preferred as the tunable plasmonic surface as it has been shown to impart degenerate planar
alignment62 without intrinsic visible domain absorption. Degenerate anchoring implies the liquid
crystals do not have a preferred alignment direction within the plane of the surface.
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Figure 4 | Liquid crystal orientation states and plasmonic fields. (a) Schematic top and cross-sectional
views of the nanostructure unit cell. The green and orange planes represent x-z and x-y cross-sections,
respectively. (b,c) FEM-computed liquid crystal orientation upon a 300 nm period nanostructure (b)
without an applied electric field (OFF) and (c) with a field of 10 V μm-1 (ON). (d) FDTD-computed
electric field intensity (|E|^2) spatial cross-section of the first order plasmonic resonance at λ = 600 nm,
showing penetration of the fields into the liquid crystal region. The 300 nm period structure is excited with
y-polarized light.

Liquid Crystal Orientation on Nanostructured Surfaces
The liquid crystal orientation within and near the nanostructured surface is vital in defining
the spectral location of the plasmonic modes and ultimately their potential for being tuned. In
order to understand the structure’s topological influence on the liquid crystal, finite element
method (FEM) calculations on a unit cell of the surface is performed. The numerical simulation
uses a Q-tensor method to minimize the Landau-de Gennes free energy functional for a given set
of boundary conditions, LC parameters and external applied fields63. The liquid crystal will take
the orientation which minimizes this internal energy, the unit cell and results of which can be seen
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in Figure 4 (a-c). The LC depicted in Figure 4 (a-c) represents the average local LC orientation
about a uniformly sampled grid. The LC is not drawn to scale as typical molecules are ~2 nm long
while the structure period is 300 nm. The simulations use periodic boundary conditions to imitate
an infinite array of nanowells and use experimentally verified LC elastic coefficients (see Figure
5). Degenerate anchoring is applied for the aluminum surface, while the top surface anchoring
energy is set to zero. The purpose of this is to isolate the aluminum surface’s alignment properties
from that of the top polyimide alignment layer. Without an external bias, the LC conforms to the
profile of the aluminum surface and aligns diagonally with respect to the unit cell as can be seen
in the FEM prediction of Figure 4 (b). With the application of voltage, a Freedericksz transition
is observed where the LC molecules start to reorient from their initial OFF state. Further increase
in voltage continuously rotates the LCs vertically until they align along the electric field as shown
in FEM prediction, Figure 4 (c).

These orientation matrices along with the ne and no values of

the LC produce an anisotropic index tensor which can be used to predict properties of the surface’s
optical behavior. Interestingly, the orientation states, and therefore index tensors, have symmetries
which suggest polarization independent behavior from light polarized along the structure’s
orthogonal periodicity vectors. This is a useful property for reflective display elements illuminated
with ambient white light as polarizers are not needed, reducing fabrication costs. Lastly, it’s
important to note that the actual LC orientation within a device will also depend on the top
alignment layer and the spacing between them.

To maintain the system’s polarization

independence, the LC orientations in Figure 4 (b-c) must be preserved. For the present case, a
relatively large cell gap of ~4 µm (defined by the order coherence length of the specific LC) is
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used to reduce the effect of the top rubbed polyimide alignment layer on the anchoring of the
aluminum surface. Polarization dependent reflection is observed for cell gaps 2 µm and below
due to the strong influence of the top alignment layer. Cell gap measurements are obtained by
fitting FTIR reflection spectra to with a Febry-Perot analytical model.

Figure 5 | Liquid crystal material properties of LCM-1107 (a) Elastic, Electro-Optic and Thermal
properties of LCM1107. (b) Dispersion of LCM1107. These properties are used in FEM and FDTD
simulations.

14

Dispersion of Grating Coupled Plasmonic Resonances
Once the LC orientation states are found, their effect on the plasmonic surface can be
determined. Figure 4 (d) also shows the FDTD predicted cross-sectional and top view electric
field distributions for the first order resonant wavelength at 600 nm. The structure is excited from
above at normal incidence with y-polarized light and has a period of 300 nm, a 100 nm nanowell
depth and a 30 nm thick aluminum layer. The evanescent plasmonic fields penetrate tens of
nanometers into the surrounding material and define the region sensitive to LC reorientation46.
The refractive index component normal to the metallic surface within these regions changes
dramatically between the two LC orientation states, due to near 90o LC rotation, allowing the
maximum theoretical shift in plasmon resonance for the given LC and nanostructured plasmonic
surface. Furthermore, the continuous metallic surface forces these fields into the LC region,
maximizing the overlap between plasmonic fields and LC. This results in an increased tuning
capability compared to discontinuous plasmonic systems where fields can be partially confined in
untunable dielectric regions inaccessible to the LC. As discussed above, regions most sensitive to
LC reorientation are those with high plasmonic fields. This transition followed by a continuous
tuning can be seen in Figure 6 where the experimental reflection spectra of a structured surface is
tuned as a function of voltage.
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Figure 6 | Absolute reflection from the LC-plasmonic system. (a) FTIR reflection spectra of a period
300 nm surface as a function of voltage. Line color is found from the CIE color matching functions. FabryPerot oscillations have been filtered to more easily convey plasmonic absorption. This shows the continuous
nature of the LC-plasmonic reversible tuning. (b-c) compares the FDTD predicted response to experiment
for the 0 V μm-1 and 10 V μm-1 cases, respectively. These figures show the absolute reflection (or
efficiency) of the LC-plasmonic system

To elucidate the plasmonic modes of the surface we average the LC orientations in Figure
4b-c within the plasmonic fields (1/e) of Figure 4d to obtain anisotropic effective index values for
the OFF ([nx ny nz] = [1.72 1.72 1.56]) and ON ([nx ny nz] = [1.55 1.55 1.97]) device states. Figure
7 (a) shows the reflection spectrum for normal angle of incidence as a function of the effective
refractive index taken between these anisotropic index states. A linear shift in surface plasmon
resonance is observed with the increase in the effective refractive index, resulting in a continuous
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variation of color. The dashed black lines indicate grating coupled propagating surface plasmon
(GCSP) modes defined by the analytical equation,
2𝜋
𝜆

=

P
√𝑖 2 +𝑗 2

𝜀Al 𝜀LC

√𝜀

(1)

LC +𝜀LC

where P is the period of the grating, i and j are mode orders, and εAl , εLC are the permittivity for
aluminum64 and surrounding LC, respectively. This dispersion relation sets a limit on the
maximum active shift obtainable for a given LC-GCSP system and is proportional to the LC’s
birefringence, ne - no. The Hi-Bi LC used herein has a ne and no of 1.97 and 1.55, respectively,
giving a maximum first order resonance shift of 110 nm from the GCSP analytical expression.

Figure 7 | Dispersion of Grating Coupled Surface Plasmons (a) FDTD predicted reflectance spectrum
as a function of surrounding index for a structure of period 300 nm. White dashed lines indicate the effective
surrounding index for the OFF and ON states, respectively. Black dashed lines show the analytical
dispersion relation for grating coupled surface plasmon modes. (b) FDTD predicted reflectance spectrum
as a function of structure periodicity for the anisotropic effective index given by the ON liquid crystal
orientation state, [nx ny nz] = [1.55 1.55 1.97]. Black dashed lines show excellent agreement with the
analytical dispersion relation.
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This assumes complete LC reorientation and overlap between the LC index change and plasmonic
mode profile. Dashed white lines in Figure 7 (b) indicate the two effective index extrema predicted
by the LC orientation states in Figure 4(b-c). As per the grating coupled surface plasmon
resonance equation mentioned above, similar tuning of surface plasmon resonance can be
accomplished by changing the period of the nanostructure. Figure 7 (b) shows the FDTD predicted
far field reflection from the surface as a function of period for the ON state surrounding anisotropic
index of [nx ny nz] = [1.55 1.55 1.97]. Dashed black lines show excellent agreement between
FDTD predictions and the analytical GCSP dispersion relation in both Figure 7 (a) and Figure 7
(b).
Diffraction is a concern when using periodic structures. For the grating period of 300-380
nm, diffraction occurs below 460-590 nm wavelength range but with low efficiency due to the
shallowness of the nanostructure. Furthermore, the weak diffracted light below this cutoff
wavelength range diffracts at angles greater than the total internal reflection angle of the top glassair interface, effectively trapping them within the LC cell.
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Figure 8 | Fabricated structure and polarization analysis. (a) SEM image of the structure with period
300 nm before fabrication into liquid crystal cell and (b) a close up of the nanowell unit cell. Scale bars,
(a) 500 nm, (b) 100 nm. (c) Optical image of macroscopically patterned ‘UCF’ on a flexible PET substrate.
(d) Reflection spectra of a 320 nm period metasurface for various polarization and voltage states. The
polarization states are defined as the angle between the x-direction grating vector and the optical axis of the
polarizer. Insets are microscope images depicting the reflected color. Line colors are determined by the
CIE color matching functions for the respective spectra.

Color Tunable Reflective Surfaces
Figure 8 (a-b) shows a scanning electron microscope (SEM) image of the structured
aluminum surface before LC cell assembly. A simple nanoimprinting technique is employed to
pattern a polymer film (SU-8) followed by a blanket depostion of ~30 nm alumimum using an
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electron beam evaporator. The master patterns are fabricated through direct laser writing (DLW).
One such DLW master can produce hundreds of polymeric imprinting stamps, and one such stamp
can produce thousands of imprints without any noticeable pattern degradation. The process is
compatible with rigid as well as flexible substrates as can be seen in Figure 8 (c), where a
macroscopically patterned ʹUCFʹ LC-plasmonic surface is formed on a conformal plastic (PET)
surface.
To determine the polarization dependence of the LC-plasmonic system, microscope images
and reflectance spectra are shown in Figure 8 (d) for a nanostructured surface of 320 nm period.
Polarized states are defined by the angle between the x-direction grating vector of the surface and
the optical axis of the polarizer. Insets are microscope images showing the reflected color while
line colors are determined by the International Commission on Illumination (CIE) color matching
functions for the respective reflection spectra. While slight variations in spectra are observed, they
are too minor to drastically affect the perceived color. This shows that the system is largely
polarization independent, a finding consistent with LC orientation simulations.
The full range of colors obtainable with the liquid crystal-plasmonic system as a function
of nanostructure period and applied electric field can be seen in Figure 9 (a). Having the first (1,0)
and second (1,1) order grating coupled surface plasmon resonances within the optical spectrum
allows a full range of colors (i.e., red, green and blue (RGB) and cyan, yellow and magenta (CYM))
as compared to single resonance subtractive color which is limited to the CYM color space.
Figure 9 (b-c) show experimental and theoretical reflection spectra corresponding to the structural

20

colors outlined in Figure 9 (a). Due to a ~±20 nm deviation in structural periodicity during direct
laser writing, the FDTD reflection spectra of Figure 9b-c are guassian-weighted averages about
the indicated period. We use guassian-weighted averaging as larger deviations from the ideal
period are less probable. The CIE color matching functions are used to obtain the line color for
each plotted spectra.
A close linear relationship between structure period and plasmonic absorption location is
observed in Figure 9 (b) and shown by the dotted line. Figure 9 (c) shows the FDTD predicted and
experimentally measured reflection spectrum from a single structure of period 300 nm as a
function of anisotropic effective surrounding index and applied voltage, respectively. Here we
observe a nonlinear relationship between the applied voltage and resonant wavelength. We believe
this due to the bulk of the LC within the plasmonic field reorienting with a relatively small applied
electric field (0-2 V μm-1). However, a much greater voltage is required to reorient the LC near
the nanostructure due to the aluminum surface anchoring forces. The first order experimental
resonance shifts of 95 nm are reasonably close to the maximum FDTD and analytically predicted
value of 110 nm (comparing Figure 7 (e) with Figure 9 (c)). Slight deviations between theoretical
and experimental observations are believed to originate from fabrication tolerances. While the
spectra in Figure 9 (b-c) are offset to emphasize the shift in plasmonic resonance, the absolute
reflection (or efficiency) has peaks from 50 % to 80% over the visible domain, as seen previously
in Figure 6.
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Figure 9 | Measured and predicted color palette. (a) The swatch of obtainable color for structures of
period between 200 nm to 380 nm as a function of applied voltage. (b) Simulated and experimental
reflectance spectra of the selected surfaces as a function of period with the ON state anisotropic effective
index [nx ny nz] = [1.55 1.55 1.97] and 13.6 V μm-1 applied electric field, respectively. Dashed black
trend lines show the linear relationship between plasmonic absorption and periodicity. (c) Simulated and
experimental reflectance spectra of the surface with period 300 nm as a function of surrounding index and
applied electric field, respectively.
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Figure 10 | Dynamic color tuning of arbitrary images. (a-d) Microscope images of a singular Afghan
Girl image (Copyright Steve McCurry / Magnum Photos. Image rights granted by Magnum Photos New
York) as a function of applied electric field. Nanostructure periods are chosen so colors match the original
photograph at color tuning saturation, 10 V μm-1. Scale bars (a-d), 100 μm. Defects due to fabrication
errors (missing pixels) have been replaced by nearest neighbors. (e) Microscope image at 10 V μm-1 with
10x objective showing pixilation of the image. (f-h) SEM images of the sample before fabrication into a
liquid crystal cell. The series shows the constituent nanostructure of individual pixels. Scale bars, (e) 20
μm, (f) 10 μm, (g) 5 μm, (h) 150 nm.

To emphasize the display potential of these plasmonic surfaces, the resultant color palette
is exploited to form color tunable images. Figure 10 (a-d) shows 0.75 mm x 1 mm reflective
optical images of the Afghan Girl (Magnum Photos), while the singular sample is tuned through
0-10 V μm-1 of applied electric field. From the Afghan Girl image, it is evident that the color of
nanostructured surfaces with different periodicities saturate at different voltages. For example, the
background saturates to its final color (green) at 2.5 V μm-1 where the shawl saturates (to red/pink)
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at 10 V μm-1. This can be attributed to the surface anchoring force dependence on topography,
which varies with the periodicity of the surface. Figure 5e shows a magnified image of the Afghan
Girl using a 10x objective. The 10 µm x 10 µm pixels can be seen in the following SEM subfigures
(Figure 10 (f-h)) as 2D gratings of varying periods. In this example, the pixelated plasmonic
surface is singularly addressed and therefore limited to display one image. Further addressing of
each pixel based on a standard addressing scheme will enable the display of video.

Figure 11 | Pixel size dependence. FDTD simulations for a structure of period 300 nm and 100 nm relief
depth. (a), FDTD reflection spectra of structures with varying numbers of periods. (b) The first order
resonant wavelength as a function of surfaces with varying numbers of periods. We find that the resonant
wavelength location approaches that of the infinitely periodic structure within 1 nm for 9 structure periods.

We used a 4x objective with 0.07 numerical aperture (NA) for the Afghan Girl images in
Figure 10 (a-d) and a 10x objective with 0.25 NA for the image in Figure 10 (e). These NAs
correspond to collection angles of 4o and 15o respectively, between which we don’t see an
appreciable difference in color. It should also be noted that the GCSP resonance relies on multiple
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periods of the nanostructure. This means a minimum pixel size should exist for a given periodicity,
below which one would observe a change in reflected color.
Figure 11 shows the reflection spectrum as a function of the number of nanostructure
periods. We find that seven periods are required for the resonant wavelength to approach that of
the infinitely periodic case. For the 300 nm period structure simulated, this predicts a minimum
pixel size of 2.1 μm. As the pixel size decreases below the surface plasmon propagation length
the reflected color shifts until it begins to wash out due to the weakening of the resonance. Lastly,
we note that the grey states are not achievable by the LC-plasmonic surface alone. Even in
standard LC displays, the color generating mechanism is independent of the grey state mechanism.
For example, static polymer filters which generate color are laminated onto a LC cell which
controls the grey state. Similarly, separate layers of polarization optics would be needed to achieve
grey states in the present LC-plasmonic device.

Figure 12 | Response time measurements. Using a 633 nm He-Ne laser and photodiode, measurements
of the response time can be made from 0 V μm-1 to 10 V μm-1 of the Afghan Girl in Fig. 5. (a) Shows the
rise time (when voltage is applied) while (b) shows the fall time (when voltage is removed). Together, the
measurements indicate a 90 ms cycling time.
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Liquid crystals offer the added benefit of millisecond-scale response times needed for high
temporal resolution video. While Hi-Bi nematic liquid crystals tend to have increased viscosities
and decreased reorientation times compared to standard nematic liquid crystals, the system in
question can complete voltage cycles under 90 ms without any optimization, as seen in Figure 12.
Other systems for active structural color, such as electroactive polymers3 and electric/magnetic
ink56, often require seconds to tens of seconds to change colors, severely limiting their use in
displays and other electro-optic devices.
Discussion
In summary, the above work presents a polarization independent LC-plasmonic system
which shows continuous color tuning over a large range of the color spectrum. Using Hi-Bi LC’s
with a continuous nanostructured aluminum surface, the grating coupled surface plasmon
resonances can be tuned over a ~ 100 nm range – a drastic increase over previous demonstrations.
This range of tunability approaches the maximum theoretically predicted value for the
birefringence of LC utilized through an engineered surface which ensures significant LC
reorientation and maximum overlap between the plasmonic fields and LC. Lastly, by varying the
period of the nanostructure, a full range of visible color is achieved which can be used to create
vivid color changing images.
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Full-Color Plasmonic Pixels and Active Addressingii
In the previous section, we demonstrated that the range of plasmonic color tuning could
span the visible spectrum by using nanostructures of several periodicities in conjunction with a
high birefringent liquid crystal (LC)20. However, this and other reports of post-fabrication
plasmonic tuning have yet to span an entire color basis set (RGB or CYM) with a single
nanostructure48,52,53,55,65. Such a system could be highly advantageous in display technology as the
elimination of individual sub-pixels would increase brightness and resolution.
In order to further expand the range of colors generated through the LC-plasmonic system,
there exist several possible routes. The most trivial is to simply increase the birefringence of your
tuning medium as this is proportional to the resonant plasmon wavelength. However, there are
physical constraints on the birefringence of liquid crystal, and while there exists higher Δn liquid
crystal than that used in this study (Δn = 0.44), they often only operate in narrow temperature
ranges and quickly degrade. Alternatively, the uniaxial nature of the LC could be used to create a
polarization dependent plasmonic system in which the polarization of light adds a degree of
freedom in controlling the reflected color.
Within this section, we demonstrate a reflective color changing surface capable of
producing the full RGB color basis set, all as a function of voltage and based on a single
nanostructure. This is achieved through a surface morphology induced, polarization dependent

ii

Reproduced with permission.12 Copyright 2017, NPG.
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plasmonic resonance and a combination of interfacial and bulk LC effects. Each of these
phenomenon dictate the color of the surface within different voltage regimes: bulk LC
reorientation leading to polarization rotation66 in the low voltage regime, and surface LC
reorientation leading to plasmonic resonance shifting at higher voltages. The hybrid LC-plasmonic
tuning mechanism is modeled through a combination of finite element (FEM), Jones calculus and
finite difference time domain (FDTD) simulation techniques.

Lastly, we demonstrate the

scalability and compatability of this system with existing LCD technology through integration
with a thin-film-transister array (TFT). The resultant device is then interfaced with a computer to
display arbitrary images and video. This work demonstrates the potential of hybrid LC-plasmonic
systems for single pixel, full-color high resolution displays and color changing surfaces.
A schematic of the liquid crystal-plasmonic system is shown in Figure 13. At the top of
the device, unpolarized ambient light passes through a linear polarizer, glass superstrate, indium
tin oxide (ITO) and a rubbed polyimide film. The ITO serves as a transparent electrode for
applying electric fields across the liquid crystal, and the rubbed polyimide aligns the LC parallel
to the axis it is rubbed (homogeneous alignment). The polarized light continues through a high
birefringence LC layer (LCM1107, LC Matter Corp.) and excites grating coupled surface
plasmons (GSCP) on the nanostructured aluminum surface. The LC orientation near the plasmonic
surface determines the effective refractive index of the GCSP modes and, therefore, the resonant
wavelength. Light that is not absorbed by the nanostructure is reflected back from the device
resulting in a perceived color. The plasmonic surface constitutes the second half of the LC cell
and is fabricated through the nanoimprint lithography67 of a 300 nm period, nanowell array with
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an impression depth of 80 nm which is followed by a 30 nm-thick aluminum electron beam
evaporation. By changing deposition conditions and substrate temperatures, the surface quality
and oxide content of the film can be greatly varied68,69. We use this to create a relatively rough
aluminum surface (~30 nm grain diameter) which induces a polarization dependence on the GSCP
resonance in the presence of an anisotropic media, whereas it was shown in our previous work that
a smooth surface (~10 nm grain diameter) results in near polarization independence20. This results
in the device having two orthogonal color states in the “voltage off” state (Voff), depending on the
polarization of exciting light either parallel (blue) or perpendicular (red) to the LC director near
the nanostructure. Also from this previous work, we found the periodic nanowell structure imparts
a weak diagonal alignment on the LC with respect to the structure’s grating vectors. We use this
to create a 45o twisted nematic cell by aligning the top rubbed polyimide layer with one of the
grating vectors of the nanostructure. By applying a voltage across the plasmonic film and the top
ITO, the orientation of the LC throughout the cell is controlled. At intermediate voltages, the bulk
LC reorients and retards the propagating light resulting in a superposition of the surface’s two
orthogonal “off-state" modes. At a specific voltage (Vth), however, the polarization is effectively
rotated to excite the opposite plasmonic mode; marking a transition in color from red to blue, or
blue to red. This birefringent effect is wavelength dependent and can add an oscillatory absorption
to the reflection spectra as light is partially absorbed on the second pass through the polarizer.
However, we will show below that when the polarizer is aligned in parallel with the LC director,
the color of the surface is independent of this effect. At higher voltages, the bulk LC saturates
vertically while the LC near the aluminum surface begins to reorient which increases the effective
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refractive index experienced by the plasmonic nanostructure. This results in a continuously
tunable red shift of the GCSP resonance, eventually saturating when the LC near the surface is
also completely reoriented by the electric field. In this state (Vs), the surface turns green and loses
its polarization dependence.

Figure 13 | Full-Color liquid crystal tunable plasmonic device. Schematic of the liquid crystalplasmonic device, which works with ambient white light. Light passes through a polarizer, substrate and
high-birefringence liquid crystal layer to interact with a continuous aluminum nanostructure. This
plasmonic surface exhibits a polarization dependence that originates from surface roughness in the presence
of an anisotropic media. The surface absorbs light while reflecting the rest back out of the device. The
wavelength of this absorption depends on the liquid crystal orientation near the surface and the polarization
of incident light. By applying a field across the cell, the orientation of the bulk LC and interfacial LC can
be changed within different regimes, resulting in red, green and blue reflection.
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Surface Roughness Induced Polarization Dependence
As stated in the previous section, the color of the surface originates from absorptive GSCP
resonances characterized by46
𝒌GCSP =

2𝜋
𝜆0

𝜀Al 𝜀LC

√𝜀

LC +𝜀LC
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Here, 𝒌GCSP is the GCSP wavevector, 𝜆0 the incident wavelength, 𝜀LC and 𝜀AL the
dielectric constants of the LC and aluminum, respectively, 𝒖 is the unit vector of the surface
plasmon before bragg scattering, 𝑖 and 𝑗 are the mode orders, and 𝑃i and 𝑃j are the structure
periodicities along the grating vectors 𝐢 and 𝐣. The permittivity of aluminum depends greatly on
the local morphology of the surface and behavior can vary drastically with grain size, surface
roughness (rms height variation and correlation length) and oxide content68,70. An increase in the
rms roughness of a metal film causes a red-shift in the resonant plasmon wavelengths and is
commonly attributed to an increase in scattering71. This red-shift is accompanied by resonance
broadening as an increase in scattering also decreases the interaction length of the plasmon
resonance - inducing a lower Q-factor.

While this is normally considered detrimental for

plasmonic applications like biomolecular sensing, SERS enhancement and those requiring long
plasmon propagation lengths, this effect can be used advantageously for plasmonic structural color
as structures that absorb broad wavelengths of light are able to produce colors not possible from
those with only narrow absorption resonances.
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To demonstrate the impact of rms surface

roughness on the color reflected from the nanostructure, we perform FDTD simulations of the
periodic nanowell array by changing the amplitude of a uniform random height variation about the
top surface of the aluminum film while maintaining a constant lateral correlation length of 15 nm.
We then use the resulting spectra to predict a reflected color through the 1932 International
Commission on Illumination (CIE) color space and color matching functions.

Here, we

approximate the liquid crystal region as a perfect anisotropic crystal with the slow axis (ne) parallel
to the surface and at 45o with respect to a periodicity vector of the nanowell array (homogeneous
LC alignment). In reality, the LC director aligns to the contours of the aluminum surface, resulting
in a complex LC director tensor dependent on the local topography of the surface. However, to
isolate the effects of rms surface roughness on the GCSP resonance alone, we choose to simplify
this LC layer and leave it constant for the purposes of the numerical demonstration in Figure 14
(a-b). By separately injecting light polarized parallel and perpendicular to this diagonal, we also
isolate the fundamental modes of the plasmonic film and remove any bulk retardation/polarization
rotation effects of the LC. The results for incident light polarized perpendicular to the liquid crystal
long-axis (90o) is shown in Figure 14 (a) while incident light polarized parallel (0o) to the liquid
crystal orientation is shown in Figure 14 (b). Line colors are determined by the CIE color matching
functions and are cascaded to show the influence of rms surface roughness on resonance location
(solid black lines) and full-width-half-maximum (dotted black lines). At low values of surface
roughness, the plasmonic resonance shifts less than 20 nm upon incident polarization rotation,
resulting in a minute color change. However, as the roughness of the aluminum increases, the
parallel resonance red shifts more than the perpendicular case, causing a greater color shift between
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the two polarization states as can be seen from Figure 14 (a-b). We explain this phenomenon with
the following argument: the εLC term of the above equation can be thought of as an effective index
experienced by the plasmonic mode. For isotropic and uniform surrounding media, this term
reduces to the dielectric constant of the medium. However, for anisotropic media, this term
becomes an overlap integral between the plasmonic field tensor and the surrounding media’s
dielectric tensor. As plasmonic fields near the metallic interface are normal to the surface, plasmon
resonances depend largely on the surface normal component of the surrounding refractive index.
Rough films will have local regions where the surface norm has an increased x or y component
compared to the global norm. This gives the in-plane components of the surrounding media a
greater contribution to the effective refractive index of the GSCP resonance. In the current case,
where the surrounding media is a uniaxial crystal oriented parallel to the aluminum surface, this
creates a surface roughness induced polarization dependence of the plasmonic resonance.
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Figure 14 | Surface Morphology Induced Polarization Dependence. FDTD-computed reflection spectra
of a 300 nm period nanowell array with a 30 nm aluminum film for (a) incident light polarized perpendicular
to the liquid crystal director and (b) incident light polarized parallel to the LC director. Line colors are
determined by the CIE color matching functions. Dotted black lines outline the FWHM of the resonance
while a solid black line traces the resonance location. (c) SEM images of a “smooth” aluminum film and a
corresponding grain size histogram while (d) depicts that of a “rough” aluminum film. Experimental and
simulated reflection spectra of the (e) “smooth” and (f) rough surfaces shown above. Scale bars, (c-d) 150
nm. Solid lines are FTIR measured reflection spectra while dotted lines are histogram weighted FDTD
spectra. Insets show microscope images of the surfaces and all line colors are determined by the CIE color
matching functions.
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We experimentally demonstrate this effect with two surface morphologies labelled as A
and B that are obtained by controlling deposition parameters and substrate temperatures, detailed
descriptions of which can be found in the Methods section. The corresponding top and crosssectional scanning electron microscope images of the 30 nm aluminum films on the imprinted
polymer are shown in Figure 14 (c-d). A watershed-based image segmentation method is used to
find the distribution of grain diameters from the top-view SEM images (Figure 14 (c-d)). This
method is described in detail in Appendix A. Histograms of the two surfaces show a mean grain
diameter of 12 nm for the “A” surface (Figure 14 (c)) and 33 nm for the “B” aluminum surface
(Figure 14 (d)). The surfaces are then made into LC cells and infiltrated with LCM1107. Figure
14 (e-f) shows the resulting reflection spectra of the respective surfaces (solid lines) compared to
simulated spectra (dotted lines) for incident polarizations parallel (0o) and perpendicular (90o) to
the top rubbed polyimide alignment layer. We show below that in the 0 V state, light polarized
parallel or perpendicular to the top rubbed polyimide layer is guided along the twist of the LC as
it propagates to the plasmonic surface. Therefore, the experimental polarization excitation (which
is with respect to the top polyimide) is equivalent to that of the simulation (which is with respect
to the LC director) and we label them 0o and 90o, respectively. Output light of all polarizations is
collected to ensure the spectra originate purely from the plasmonic surface. Line colors of the
spectra are generated by the CIE color matching method while the microscope image insets show
the experimentally achieved colors. As grain diameter and rms surface roughness are proportional,
we use the histograms of the respective aluminum surfaces as a weighted average of the FDTD
spectra of Figure 14 (a-b) to more accurately represent the surface roughness distribution of the
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experimental films, which differ from the uniform random distribution of the simulations. The
relief depth of the structure in FDTD simulations has also been varied between 80-90 nm to provide
a better matching to experimental spectra and account for small variances in the imprinting process.
The relatively smooth aluminum film, A, gives a small change in color upon polarization rotation,
from an orange to a reddish-orange, associated with a 20 nm shift in GCSP resonance. On the
contrary, the aluminum surface, B, with higher surface roughness gives a more drastic color change
upon polarization rotation, from blue to red (Figure 14 (f)) and is the result of a 60 nm shift in
resonant wavelength. Hence, by controlling the surface morphology via deposition conditions, the
degree of polarization dependence and the resultant color can be controlled. Exciting the surface
with polarization angles between 0o and 90o or unpolarized light results in a superposition of these
two spectra.

Figure 15 | Device Under Unpolarized Light. The off-state behavior of the surface results in a blue or
red when the electric field of incident light is a) parallel or b) perpendicular to the top LC alignment director,
respectively. Without a polarizer, the device reflects a superposition of the two orthogonal polarization
colors, resulting in c) a purple.

36

An example of this is that the surface B when excited with unpolarized light results in a
purple, as seen in Figure 15. We believe discrepancies between the experimental and numerical
spectra of Figure 14 (e-f) occur for the higher order mode due to the approximation of the LC as a
uniform and anisotropic crystal.
Hybrid Twisted Nematic LC Mode and Full RGB Color
To achieve all three colors of the RGB basis set as a function of voltage we utilize a
combination of bulk and surface liquid crystal effects. The periodic nanowell structure imparts a
weak diagonal alignment on the LC with respect to the structure’s grating vectors and we use this
to create a 45o twisted nematic cell, by aligning the top rubbed polyimide layer with one of the
grating vectors of the nanostructure. A cell gap of 8.5 μm ensures the alignment of the top
polyimide does not over power that of the nanostructure to result in a homogeneous cell. These
boundary conditions, along with the LC material parameters20, are used in FEM simulations
(TechWiz LCD 3D, Sanayi) to find the LC director throughout the cell as a function of voltage. A
Jones matrix approach is then used to find the polarization of light as it propagates through the
cell72,73. This is done by approximating the LC cell as a stack of N number of phase plates with a
continuous variation in retardation. The LC director at that cell location determines the anisotropic
refractive index of each layer. A detailed description of the process and examples of the 3D
director fields along with the twist and tilt of the LC as a function of cell location and voltage are
shown in Appendix B.
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Figure 16 | Liquid crystal orientation and polarization rotation. (a) Schematics of the liquid crystal and
light polarization throughout the cell and at selected voltages. Liquid crystals are not drawn to scale and are
down sampled from the FEM simulations. (b) Experimental setup to verify liquid crystal orientation
throughout cell and (c) results. Dotted black lines and labels correspond to the selected fields shown in (a).

The resulting LC directors and polarization ellipse throughout the cell for three selected
voltages are represented in Figure 16 (a). While the FEM and Jones matrix calculations are found
to converge with N = 100, the figures in Figure 16 (a) depict a gridded subsampling for graphical
purposes. The top row shows incident polarized light parallel to the top LC director as it
propagates down towards the nanostructure, while the bottom row depicts the light after reflection
and as it propagates out of the cell. At V = 0 (1), the LC creates a 45o twisted nematic cell where
the propagating light maintains its linear polarization and is rotated by the LC director in what’s
known as the Maugin (or Waveguiding) regime. This is given by the following condition: 𝜙 ≪
2𝜋
𝜆

𝛥𝑛𝑑 , where 𝜙 is the twist angle of the cell, 𝛥𝑛 is the birefringence of the LC, 𝜆 is the
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wavelength of light, and 𝑑 is the thickness of the LC cell. Here we can see that light exits the cell
with the same polarization as input and is, therefore, unaffected by a second pass through the
polarizer. As voltage is increased, the Fredericks transition marks the initial tilt of the LC from
their voltage-off state and is followed by a continuous change in tilt along the applied electric field.
This tilting reduces the effective 𝛥𝑛 of the cell, which eventually breaks the Maugin condition and
begins changing the ellipticity of the light, as can be seen at points 2 and 3 of Figure 16 (a). To
verify this LC mode, we use the experimental setup illustrated in Figure 16 (b) and compare with
simulations from the combined FEM-Jones approach. The experiment consists of light from a HeNe laser that passes through a polarizing beam splitter (PBS) and is incident upon the plasmonicLC device. In this case, the polarization of incident light is parallel to the rubbing of the top
alignment layer. Light is reflected from the device and back into the PBS, which reflects the
orthogonal polarization of light to a silicon photodiode. A voltage is then adiabatically applied to
the sample at a rate of 0.01 Vs-1, well below that of the cell’s transient optical effects. The results
of the experiment are shown in Figure 16 (c) and represent the degree of polarization rotation
imparted on the light as a function of voltage. Jones matrix simulations of a 45 o twisted nematic
cell with a parallel input polarizer and perpendicular output analyzer (both with respect to the top
LC director) match well with the experimental curve. A close to zero reflection indicates that the
light is leaving the cell with the same polarization as it entered. This can only occur if the light
reflects off the plasmonic surface in a linear polarization state, as can be seen in the selected voltage
cases A and B. On the contrary, peaks in the curve indicate voltages at which light leaves the cell
at a perpendicular polarization than as it entered, which occurs due to the change in hand of
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reflected circular polarized light (C). While this verifies the bulk LC mechanics of the cell, to
understand this effect’s impact on the color of reflected light we look at the polarization of light
as it excites the plasmonic surface. The two orthogonal modes of the surface-B are shown in
Figure 17 (a). These spectra are obtained at 0 V and when the polarization of incident light is
parallel (0o) and perpendicular (90o) to the top polyimide alignment layer, respectively. Since the
cell is in the Maugin regime at this state, the incident light remains either parallel or perpendicular
to the LC director as it excites the plasmonic surface. Within a low-voltage regime, where only
the bulk LC changes orientation and the LC near the surface remains constant, the spectra is a
linear combination of the two orthogonal basis spectra with a wavelength dependent weighting, α
and β. These weighting terms are given by the projection of the electric field exciting the
nanostructure on the axes parallel and perpendicular to the LC director, respectively. Figure 17 (a)
shows experimentally obtained reflection spectra of the surface with a voltage of 3.5 V (Vth) where,
for a given incident polarization the spectrum flips to the orthogonal state’s color. Using the Jones
Matrix method to find α and β, the resulting simulated spectra closely match with experiment.
Detailed steps for obtaining α and β, as well as their exact values for this case are shown in
Appendix B.
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Figure 17 | Full Red-Green-Blue color and analyzer dependence. (a) Measured and simulated reflection
spectra of the surface as a function of applied field and input polarization. The last row shows the influence
of an added analyzer parallel to the input polarizer. Insets show microscope images of the surface. Line
colors are determined by the CIE color matching functions. (b) Camera images of the device at selected
polarizer orientations and voltage. Samples are 1 in x 1 in. (c) The CIE chromaticity diagram showing the
color space of the liquid crystal-plasmonic system and that of comparative standards. Below are
microscope images of the surface at increasing applied fields.

As voltage is increased, the LC near the nanostructure and within the plasmonic fields of
the surface begins to tilt. This increases the effective refractive index of the GCSP modes and
continuously red shifts their resonant wavelengths. Once this occurs, the two state approach used
above is no longer valid, but also not needed to predict the device’s end-state reflection spectra.
At saturation voltage (Vs), the LC near the surface becomes asymptotically vertical which results
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in the loss of the nanostructure’s polarization dependence, as well as the bulk LC’s birefringent
properties. This is demonstrated in Figure 17 (a) where the voltage and polarization dependent
reflection spectra of the device is shown. Again, line colors are generated by overlap integration
between the measured spectra and the CIE color matching functions and insets show optical
microscope images of the surface. The two top rows of spectra are of the surface when excited
with polarized light parallel and perpendicular to the LC alignment director, respectively, and light
of all polarizations are collected. While this confirms that the color is generated purely by the
plasmonic surface, light from a practical device, in which the polarizer is laminated to the top,
would pass through the polarizer a second time. The bottom-most row of spectra in Figure 17 (a)
shows the influence of this second pass on the color of the surface as an analyzer is added in
parallel with the polarizer. In the off-state, the spectra are invariant to the addition of an analyzer
as the LC is in the waveguiding regime as described in Figure 16 (a). For this state, the
experimental spectra match closely with the histogram-weighted FDTD spectra. At an applied
voltage of 3.5 Vrms, the reflected color flips due to the polarization rotation of incident light as it
passes through the LC cell. The simulated spectra for this applied field is obtained by using the
wavelength dependent weighting factors, α and β, on the FDTD results at V = 0. The second pass
through the polarizer is simulated by adding an analyzer to the Jones calculus method. Here, we
see a slight change in spectra with the addition of the analyzer, however, the changes do not greatly
impact the reflected spectra and color. At saturation voltage (LC on state), the first order plasmonic
resonance shifts to 600 nm and a second order resonance moves to 500 nm. This results in a green
color reflected from the surface which can be confirmed by FDTD with an anisotropic media where
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nz = ne and nx = ny = no of the LC. Here, we also see that the effect of the analyzer is minimal,
which is consistent with the LC being nearly vertical throughout the cell. To demonstrate this
phenomenon without a microscope, we show camera images of a large area sample through a
polarizing film in Figure 17 (b) for selected polarizations and voltages. Here, our devices are 1 in2
in area and limited by the size and quality of our existing stamp, however, large area (36 in 2) and
roll-to-roll nanoimprinting has been demonstrated that could allow scaling of the device to handheld and notebook dimensions with high pattern fidelity. Another critical aspect of the resultant
device is color quality. Figure 17 (c) shows the CIE chromaticity diagram and microscope images
of the surface as a function of voltage when the polarizer, LC director and analyzer are parallel.
Black dots indicate the coordinates of the reflection spectra and a dotted black line shows the total
area the surface could span if integrated in a color-mixing scheme. Due to the absorptive nature
of the color generating phenomenon, the color gamut is less than that of the NTSC standard, but
comparable in area to that of high quality print magazine (AAAS Science).
Active and Passive Addressing Schemes
Once a color gamut is obtained, the system can be combined with various addressing
schemes. A critical advantage of the proposed LC-plasmonic system is its facile integration with
pre-existing display technologies. To demonstrate this capability, we procured a conventional
transmissive TN LCD panel (Adafruit, ID: 1680) and isolated the thin film transistor array by
removing the back light, polarizers, diffusers and ITO glass. The nanostructured aluminum surface
is UV cured onto the TFT glass plate with 8.5 μm spacers and then filled with LCM1107. Figure
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18 (a) shows a microscope image of the resulting device (10x) in which the electrical components
of the TFT can be clearly seen. Light passes through a polarizer, ITO windows and LC to reflect
off the plasmonic surface and back out of the device. The white areas are due to reflection off the
metal lines of the TFT. In the voltage-off state, the entire surface is either blue or red, depending
on the polarization of incident light with respect to the top LC alignment director. By keeping the
electronics of the TFT intact, the device is interfaced with a computer through a HDMI-to-TTL
converter. Individual pixels are then controlled through images the computer outputs to the display
Figure 6 (b) shows how the surface changes color by applying a voltage to every 3rd and 4th row
of the TFT. Full images can be displayed as shown in Figure 18 (c).
While this shows the ease at which LC-plasmonic systems can be integrated with existing
TFTs, the prototype device has several engineering challenges to overcome. The white reflection
from the TFT metal lines, meant for use in transmissive displays, tends to wash out color from the
underlying plasmonic surface. A black matrix needs to be superimposed on TFT metal lines to
mitigate this. Alternatively, fabrication of the plasmonic surface on the TFT glass itself will solve
this unwanted reflection problem. Secondly, the off-the-shelf TFT drivers only source ~10 Vrms;
not enough for the surface’s transition to green for the present cell gap of 8.5 µm. TFT drivers
capable of sourcing 15-30 V are needed in conjunction with a reduction in cell gap. The voltage
needed for saturation is proportional to the thickness of the LC layer, but changes in this gap will
alter the intermediate-voltage optical properties of the device. With proper engineering of these
parameters, though, we believe the max operating voltage of the cell can be greatly reduced while
maintaining its color changing functionality.
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Figure 18 | Passive and active addressing. (a) A microscope image taken with a 10x objective of the
plasmonic surface integrated with a thin-film-transistor (TFT) array. Pixels can be controlled through a
computer interface and (b) shows when every 3rd and 4th row are turned on for the parallel and
perpendicular incident light cases with respect to the top LC alignment layer. (c) Arbitrary images
displayed from the device taken with a 4x microscope objective. (d) A passively addressed device with
UV lithographically patterned “UCF” as a function of applied field, polarizer and analyzer alignment and
LC photoalignment director. Scale bars, (a) 30 μm, (b) 80 μm, (c) 0.72 mm, (d) 1.57 mm.

In absence of the required TFT in present academic setting, a passively addressed device
is shown in Figure 18 (d). Here, UV lithography is performed to macroscopically pattern the
nanostructured surface, which is followed by a blanket deposition of aluminum. Treating this
surface as the “common”, we pattern the top ITO glass to have individual control of each letter in
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“UCF”. Furthermore, we utilize a UV photoalignment material74 (PAAD-22, Beam Co.) instead
of a physically rubbed polyimide to demonstrate how the off-state colors can be varied throughout
a single device and with a single laminated polarizer. This azobenzene based material, when
exposed with linearly polarized UV light, aligns the LC homogeneously and perpendicularly to
the polarization of exposure. Here, the alignment layer above the “U” is exposed orthogonally
with respect to the polarization of exposure above the “CF”.

The segmented top

ITO/photoalignment substrate is then aligned with the “UCF” plasmonic surface and the resulting
cell is infiltrated with LCM1107. By changing the orientation of the LC alignment director with
respect to the top polarizer, the “U” and the “CF” change between orthogonal colors. Lastly, we
apply a field across the “C” to obtain a green and demonstrate how the three RGB basis colors can
be obtained from a single nanostructure/pixel.
While the switching speed of this device should be similar to the polarization independent
device of the previous chapter, the increase in cell gap will have a detrimental effect. To quantify
this change, we measure the unoptimized switching characteristics of the device as shown in Figure
19. Surprisingly, we find that the rise and decay times to be slightly quicker than that of the Figure
12. This could be explained by the amount of defects produced in the LC by pixilating the
plasmonic surface (as in Figure 10). In contrast, the surface used here is uniform to the nanometer
range and lacks the sizable gaps between pixels of varying periodicities. Full cycling times are
somewhat invariant to voltage and in the 70 ms range, which equates to ~14 Hz. While we believe
this can be improved to standard display frame rates, it still remains orders of magnitude faster
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than other color changing technologies, such as electrochemical56 or translocation based methods3
which take seconds to tens of seconds to change.

Figure 19 | Response time measurements. Using the experimental setup outlined in Figure 16 (b) (633
nm He-Ne laser, polarizing beam splitter and photodiode) measurements of response time are shown for (a)
2.6 V and (b) 5.4 V (1kHz AC). These give total switching times of 70.7 ms and 76.4 ms, respectively.
Cell gaps are 8.45 μm.

Angle Dependence of the LC-Plasmonic System
To add to the fundamental study of the LC-plasmonic system, we perform angle resolved
reflection measurements using an integrating sphere with a rotating center mount (RTC-060-SF,
Labsphere Inc.). A schematic is shown in Figure 20 (a) and depicts the case where incident light
is polarized parallel to the LC director. We define two angles of incidence: φ, where the
polarization of light is parallel to the axis of rotation (TE, s-polarized), and θ, when the polarization
of light is perpendicular to the axis of rotation (TM, p-polarized). For the incident angle φ, we see
an expected angle independence of the resonance location from the experimental measurements in
Figure 20 (b). However, changes in excitation angle, θ, produce a shift in resonant wavelength of
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the GCSP modes according to the dispersion relation given above. Black lines depict this GCSP
dispersion relation when corrected for refraction at the top glass and LC interfaces. To help
understand the degree to which this dispersion impacts perceived color, we take the spectra of
Figure 20 (b) and calculate the CIE predicted color – represented to the left of the spectral data.
The results of these figures clearly show an area of improvement for a display utilizing this
phenomenon. While an ideal display has little dependence on viewing position, this device has a
relative angle invariance along one axis of rotation but a dependence in the other. However, by
orienting the display along the preferred viewing angle, the display can be made almost angle
invariant. Alternatively, the device could be used as a component in a projector or head mounted
display in which the light source is at a fixed angle: taking advantage of such a device’s subpixelless enhanced resolution while bypassing the issue of angle dependence altogether.
To improve upon the system’s angle-independence, it’s necessary to consider the
plasmonic surface and the LC separately. As angular dispersion is a fundamental property of the
GCSP mode, we believe the most straightforward way to improve the plasmonic absorber is to
move to nanostructures which rely on alternative coupling mechanisms, such as metal-insulatormetal34 and localized surface plasmon modes75. However, this may come at a cost in color tuning
capabilities as the overlap of plasmonic fields and LC, as well as near complete LC reorientation,
may be insufficient. The LC contribution to the device’s angle dependence is a well-studied area
due to the demands of the LCD industry and there exist many strategies for improving it, such as
birefringent compensation films76, diffusors or lens arrays77, and more drastically, changing which
LC mode utilized78.
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Figure 20 | Angle Dependence of the LC-Plasmonic System. (a) Schematic defining the polarization of
incident light, liquid crystal alignment layer and angles of incidence, φ and θ. (b) Integrating sphere
measurements of the device when the axis of rotation is parallel (φ, TE, s-polarized) and perpendicular (θ,
TM, p-polarized) to the incident polarized light. This is shown for both voltage extremes and where the
LC alignment layer is parallel to the incident polarized light. CIE colors are obtained through the color
matching functions for each incident angle. Black lines depict the grating coupled surface plasmon (GCSP)
relation when corrected for refraction through the top glass and LC interface.

Discussion
In summary, we have demonstrated a polarization dependent LC-plasmonic system
capable of producing the RGB color basis set as a function of voltage and from a single surface.
This is achieved using a single, continuous, aluminum nanostructure in conjunction with a high
birefringence LC. By controlling the deposition conditions of the aluminum, a surface roughness
induced polarization dependence is realized in the presence of a surrounding anisotropic media.
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This phenomenon is then exploited through its integration with a LC cell which performs as a
polarization rotator at low voltages while shifting the plasmonic resonance of the aluminum
nanostructure at higher voltages. Large area nanoimprint lithography based scalable fabrication
of the nanostructure combined with its ready integration with LC technology can lead to a new
class of LC-plasmonic devices.
At this point, I encourage a reevaluation of the LC tunable plasmonic systems compared to
other reflective display technology and to that of the ultimate goal - artificial cephalopod skin.
While the above systems demonstrate color tunable surfaces, complete commercial displays will
also require mechanisms by which to control brightness. Black and grey states are essential to
color mixing processes and determine important properties such as contrast. While these states
can theoretically be achieved in such a LC-plasmonic system, it remains a challenge to reconcile
the different LC requirements needed for large color tuning and brightness control - and even more
so to control these properties independently within the same LC cell. It may be possible to achieve
independent color and brightness tuning utilizing combinations of surface and bulk LC
phenomenon in conjunction with multiple types of electrode configurations. However, within the
natural world, many creatures still find advantages from changing color but which are unable to
turn black. A possible explanation is that since the creature is in the same ambient lighting as the
background, all it needs to effectively conceal itself is to match the color of the surroundings.
After all, darkness makes all reflective displays black.
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The second major disadvantage of the presented LC-plasmonic device is viewing angle
dependence. While a large population of creatures exhibiting structural colors are iridescent, this
is mainly used for intra-species signaling and sexual selection. It’s clearly evident why this angledependent color would be disadvantageous for camouflage and man-made displays, a like, where
content must be the same viewed at any angle. This requirement necessitates a departure from
grating coupled phenomena and a move towards subwavelength systems.
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CHAPTER 3:
ANGLE-INDEPENDENT PLASMONIC COLOR
Background
Viewing angle dependence is a vital figure of merit for many color applications. Consumer
goods coloration, displays and camouflage all require that the viewer sees the desired image
content regardless of orientation. However, as detailed above, not all structural color generating
nanostructures have independent coupling mechanisms. In the case of photonic crystals, the
evolution of birds feathers shows a possible solution. Iridescence in bird feathers is attributed to
the fundamental angle dependence of periodic nanostructures existing within their barbules.
However, many species including macaws have evolved bright non-iridescent colors by
incorporating controlled randomness into the nanostructures79,80. Rather than being perfectly
periodic, the organic photonic crystals exhibit a short range order needed for Bragg reflection but
lack long range order. This results in an averaging effect and a pseudo-band gap which reflects a
specific wavelength of light for all angles.

This compensational approach of engineered

randomness has also been demonstrated in man-made photonic crystals6,81,82 and plasmonic
structures83-85.
An alternative to this approach has been demonstrated through the color generated by
layers of thin metals and dielectrics. By depositing a metal, dielectric and then another layer of a
metal, the system can support Fabry-Perot resonances which absorb or transmit light based on
constructive or destructive interference. Differences in the path-length of light for varying
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incidence angles commonly make these systems highly angle dependent15. However, researchers
have found a way to compensate for this variance by engineering the angular dependent phase of
reflection13,86,87. This approach requires the use of specific metals, dielectrics and thickness
combinations for a desired resonance wavelength and therefore can be highly restrictive.
Furthermore, attempts act incorporating active tuning can negate the precise phase conditions and
lose system angle-independence.
Another approach is to use inherent angle-insensitive coupling mechanisms which exist in
sub-wavelength systems.

In the following sections, I will discuss several sub-wavelength

plasmonic systems, the origin of their angle invariance, and evaluate various color metrics
compared to state-of-the-art plasmonic systems and existing commercial technology.
Metal-Insulator-Metal Plasmonic Resonances
The optical modes of metal-insulator-metal waveguides has long been an area of study often focused on their interactions with light much larger than their physical dimensions. This
fascination with sub-wavelength coupling led to the fundamental study of such modes, detailing
analytic field profiles and resonance conditions. More recently, researchers have focused on
another aspect of such structures – angle insensitive coupling with incident light. The origin of
this insensitivity can be rationalized in two ways. The resonances of a surface containing metalinsulator-metal slits or grooves have been shown to behave as an array of independent
subwavelength resonators. Alternatively said, a surface containing only a singular slit will also
resonant and absorb light based on its optical cross section. This individual resonator behavior
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and subwavelength nature result in a diffraction-less system in which the phase profile and wave
front of reflected light is uniform and mirror-like. Secondly, when considering an individual
resonator, the Poynting vector of the electromagnetic fields appear to be guided or funneled within
the metal-insulator-metal guide regardless of angle.
While the origin of these unique properties remains an area of investigation, the angleinsensitive and tunable nature of metal-insulator-metals slits makes them an interesting candidate
for plasmonic display applications. However, the realization of these structures in the visible
regime and over reasonably large areas has only been recently possible due to advances in
nanofabrication. And those demonstrations which due exist have been made inverted, with the
grooves etched into a dielectric and then coated with a metal. However, resonators made this way
are unable to be tuned post-fabrication as the regions of confined fields are unaccusable. Here we
demonstrate wafer scale fabrication of angle-insensitive plasmonic color in which the resulting
resonances can be accessed and tuned through external media. To illustrate this, we use atomic
layer deposition to change the effective refractive index of the surrounding media to tune resonance
location throughout the entire visible regime. The tunable single absorption resonance results in
the reproduction of the cyan, yellow and magenta (CYM) color space.
Resonance Conditions
The plasmonic metal-insulator-metal surface consists of a 1D grating of aluminum wires
atop and separated from an aluminum mirror by a thin 10 nm SiO2 dielectric spacer. The structure
is fabricated by performing laser interference lithography atop a stack of thick aluminum, 10 nm
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oxide and a 100 nm film of aluminum. A hard etch mask is then deposited and patterned through
a lift-off procedure and the system etched to create deep slits in the top layer of aluminum, where
the thin oxide layer performs as an etch stop. After the etch mask is removed, the now electrically
floating aluminum wires are able to be coated and tuned through external media. The structure
hosts a metal-insulator-metal resonance between the gaps of the aluminum wires which strongly
absorbs light at a given resonant wavelength. This resonant wavelength is dependent on a FabryPerot condition of a trapped electromagnetic wave within the slot waveguide and is contingent on
the height, width of the aluminum wires and the surrounding refractive index. By depositing a
continuous oxide film, the effective refractive index within the wire grid can be modified and
results in a continuous tuning of the structure’s resonance wavelength. Figure 21 (a) shows a
schematic of the structure and Figure 21 (b) shows a focused ion beam milled cross section of wire
grid after being coated with 42 nm of ZrO2. Here, the period of the structure is 144 nm, with a
width of 80 nm and depth of 100 nm. Structural dimensions are chosen so that the system supports
resonances in the visible regime when coated with materials of refractive index between 1.5 and
2. Figure 21 (c) shows three samples with selected ZrO2 thicknesses to obtain yellow (15 nm),
magenta (27 nm) and cyan (42 nm). The 1D nature of the wire grid creates a polarization
dependent resonance and, therefore, reflected light.

When imaged through a polarizer

perpendicular to the grating, colors can be clearly seen. However, the orthogonal polarization
(parallel to the grating) fails to couple to the metal-insulator-metal resonance, reflecting a uniform
spectrum of light to result in a mirror surface. Corresponding reflectance measurements of the
surfaces are shown in Figure 21 (c) for light incident perpendicular to the wires. Line colors are
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obtained from the CIE Chromaticity Functions and dotted lines indicate a close match to spectra
obtained through FDTD simulations. Adjacent to this, Figure 21 (e) depicts the field profile of the
electromagnetic field about the structures at resonance for the respective oxide thicknesses.

Figure 21 | Subwavelength Plasmonic Resonator and Mode of Operation. (a) Schematic of the 1D
aluminum wires separated from an aluminum mirror by a thin oxide. Coating the structure with uniform
conformal films of oxide allows shifting of plasmonic resonances (b) Scanning electron microscope image
of a focused ion beam cross section of the plasmonic system coated with 42 nm of ZrO2. (c) Camera
images of three samples coated with a selected thickness of ZrO2 to give yellow magenta and cyan,
respectively. Top image is for polarization of light perpendicular to the aluminum wires while the bottom
image is for polarization parallel to the aluminum wires. (d) Reflectance spectra of the samples shown in
(c) with supporting finite difference time domain simulated spectra. (e) Field profiles of the
electromagnetic field at resonance (dotted black line of (d)) within a unit cell of the plasmonic structure.

This resonance condition is given simply by
1

1

(4 + 2 𝑚) λ = 𝑛𝑒𝑓𝑓 𝐷

(3)
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Where D is the depth, neff is the effective refractive index within the resonator, λ the
resonant wavelength and, m, the order of the resonance. Absorption and standing waves occur
within the grooves analogous to the quarter wave condition of Fabry-Perot resonators. However,
the system varies slightly than the case for which this resonance condition was derived due to the
existence of the etch stop layer. This oxide effectively increases the depth of the resonator as well
as electrically separates the wires from the aluminum mirror. From the field profiles shown in
Figure 21 (e), we see this isolation results in the localization of plasmonic fields on the bottom
corners of the aluminum wires. Due to this, the system resonances resemble a hybrid between that
of a pure metal-insulator-metal slit waveguide and that of a metal particle in near coupling to a
mirror. Despite this difference, Figure 21 clearly shows the existence of these resonances and the
structural color that follows.
Color Tuning Through Oxide Thickness
To continuously tune the resonances of the aluminum sub-wavelength resonators we coat
the structures with a continuous and conformal layer of zirconium oxide. This is performed
through atomic layer deposition and allows precise control of the surface’s resonance location.
The refractive index and thickness of a given oxide will depend on deposition conditions and
Figure 22 shows the optical properties and growth rate of the ALD ZrO2 used herein. Figure 23
(a-b) shows the reflection spectra of the surface as a function of ALD cycles and polarization of
incident light. A linear relation between oxide thickness and resonance location is observed up to
the point where the aluminum gap is filled - between 500 and 600 cycles. Line colors are obtained
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through the CIE Chromaticity matching functions and match closely to camera images obtained
through a microscope with a 10x objective, Figure 23 (c), for each of the oxide thicknesses and
both orthogonal polarization states. Lastly, the resulting colors can be evaluated through the CIE
Chromaticity diagram in Figure 23 and from which we see a problem with the color generated by
the surface. Despite being able to widely tune and place the structural resonance, the absorption
of 60-70 % and corresponding reflection of ~30% is inadequate and results in unsaturated pastellike colors. The FDTD simulations of Figure 21 (d) predict deeper resonances approaching 95%
absorption but ultimately represent an ideal case. Variations in structure parameters and roughness
of the etched aluminum can all lead to increased scattering and a decreased quality factor of the
resonator.

Figure 22 | Optical and Growth Properties of ALD ZrO2. (a) Refractive index of ZrO2 as a function
of ALD cycles. (b) Thickness of ZrO2 as a function of ALD cycles leading to a growth rate of 0.7 A cycle1. Deposition was performed at 150 C.
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Figure 23 | Atomic Layer Deposition Dependent Structural Color. (a) Reflectance spectra of the
subwavelength plasmonic system as a function of ZrO2 thickness for light polarized perpendicular to the
aluminum wires. Resonances continuously red-shift with increasing thickness. (b) Reflectance spectra
excited with the orthogonal polarization. Spectra largely remains flat and uniform. (c) Microscope images
corresponding to the thicknesses and polarizations of (a-b). (d) 1931 CIE Chromaticity diagram depicting
the color quality of the surfaces as a function of thickness and polarization.

Angle Dependence
Fabricated with the intent of generating angle-insensitive plasmonic color, Figure 24 shows
the angle resolved reflectance spectrum of the three selected CYM samples of Figure 21.
Experimental measurements and simulations both show high degrees of angle-insensitivity with
approximately 20 nm shifts over a 0 to 80-degree sweep. Interestingly, as the viewing angle of
the samples increase, so too does the resonant absorption. This pronounced increase in absorption
greatly expands the color gamut produced by the structure. However, this effect is not observed
in the ideal FDTD simulation case. We rationalize this as the resonance being less sensitive to
errors in fabrication for higher angles of incident light.
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Figure 24 | Angle Dependence of the Plasmonic Surface. Top row depicts the experimentally obtained
reflectance spectra of the surface as a function of angle and ZrO2 thickness. The bottom row contains the
finite difference time domain simulations of the surface. Experiment and simulation are both performed
for incident light polarized perpendicular to the aluminum wires and therefore exciting the metal-insulatormetal fabry-perot resonance.

Detailed previous studies have found that the choice of periodicity is vitally important to
realize angle-insensitive absorption34. Multiple plasmonic modes can exist for a system and care
must be taken not to excite those dependent on multiple features. Periodicities above 200 nm
exhibit a grating coupled plasmon resonance like that of Chapter 2 and can intersect and interfere
with angle-insensitive metal-insulator-metal Fabry-Perot resonances. Below 100 nm, however,
the desired metal-insulator-metal resonances are no longer supported. The ideal periodicity for
their specific structure was shown to be 180 nm. Fabrication constraints have limited us to 144
nm periodicities, but the above shows that this is still adequate to demonstrate angle-insensitivity.
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Fabrication Scale and Image Formation
The plasmonic system and method by which it’s fabricated also holds several key
advantages compared to previous demonstrations. Above we have shown how resonances can be
controlled through the deposition of external media, in contrast to the inverted and inaccessible
grooves of previous fabrication methods. The method used here is also CMOS compatible which
allows fabrication over large areas compared to electron-beam-lithography or focused-ion-beam
approaches. Figure 25 (a) shows camera images of the plasmonic surface over an eight-inch wafer
for both polarization states. The grating has been coated with a thin layer of oxide to shift the
plasmonic resonance to 450 nm, producing a yellow for one polarization while maintaining the
white of a mirror for the orthogonal polarization. Lastly, since this color depends on the thickness
of oxide deposited on the uniform gratings, images and logos can be formed through standard UV
lithography and lift-off techniques. Figure 25 (b) shows the UCF Pegasus logo patterned through
this method. The existence of higher order modes within the UV means dosage amounts must be
calibrated for the specific oxide thickness the UV lithography is performed on. Also considered
is the capability of low temperature atomic layer deposition below the damage threshold of the
photoresists used.
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Figure 25 | Wafer Scale Production and Image Formation. (a) Camera images of an 8-inch diameter
wafer supporting the subwavelength plasmonic structure. The structure is coated with a thin film of oxide
to produce yellow reflectance when polarized perpendicular to the aluminum wires, but normal mirror
reflectance when parallel. (b) Demonstration of the patterned thickness variations to achieve polarization
sensitive and colored logos. Sample is patterned through a series of depositions and lift-off procedures.

Discussion
In summary, we have demonstrated wafer scale fabrication of angle-insensitive plasmonic
color in which the resulting resonances can be accessed and tuned through external media. To
illustrate this, we used atomic layer deposition to change the effective refractive index of the
surrounding media and tune the resonance location throughout the entire visible regime. The nonreversible tuning results in the reproduction of the cyan, yellow and magenta (CYM) color space.
However, the colors generated are unsaturated due to the sensitivity of the resonances to defects
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and roughness in the realized structure. Lastly, attempts at active tuning through liquid crystal
media have proven unsuccessful. We attribute this to the strong pinning which occurs in the highly
anisotropic aluminum ribs and electric field screening which occurs in the same.

These

considerations warrant exploration of alternative plasmonic structures for tunable and angleinsensitive color.
Gap Resonances in Self-Assembled Nanoparticle Arrays
Subwavelength systems with resonances dependent on individual and localized elements
have the potential to exhibit angle-insensitive color. Discrete metal nanoparticles are an example
of this and have been used to generate color for centuries88. The Lycurgus Cup (4th century AD)
for example contains a dichroic glass which, unbeknownst to people at the time, is made through
suspended metallic nanoparticles. The proliferation of stained glass continued and refined the use
of metal dopants throughout the centuries. However, the scientific origin of this color was only
touched upon by Michael Faraday in 1857, where he postulates an interaction with subwavelength
metal particles89. Since then, metal nanoparticles have been the subject of thousands of research
papers, regarding every aspect of their synthesis, characterization and utilization.
The application of plasmonic color to surfaces is a more recent development enabled by
the vacuum deposition of metallic films. The earliest demonstrations originate from the early 20th
century90, but widespread use required advances in vacuum technology not present until the 1930’s.
The evaporated films were vital to the production of high quality mirrors and industry need fueled
studies to improve their optical properties. Detailed studies of the metallic films and the influence
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of deposition conditions continued throughout the 1950’s till today91,92. Fundamental studies on
the correlation of nano-topographical with optical properties followed93, along with explanation of
the various thin-film growth modes94-96. These studies clearly show the existence of plasmonic
resonances in the arrays of particles formed through vacuum evaporation, and the ability to tune
this resonance through the morphology of the surface, indirectly controlled through process
parameters.
Advances in fabrication and simulation techniques have further expanded our
understanding of these particle arrays. By placing particles in the vicinity of mirror, interference
has been found to enhance the plasmonic resonances of the particles. If placed within 10s of
nanometers, the oscillations in electron density interact with their image charge and produce hybrid
resonance states. This strong near-field coupling provides another degree-of-freedom with which
to control and tune the optical properties of the surface. However, examples of this phenomenon
rely on highly dispersed arrays of particles spin-cast from chemically derived dispersions. This
results in highly non-uniform and unsaturated surfaces. On the other hand, de-wetting, another
well-known technique, has recently found its application in color generation21. Different
subtractive colors can be achieved by controlling the initial thickness of the metal film and then
post annealing. However, this method requires high temperatures close to the melting point of the
metal. This also puts constraints on the materials used and examples have resulted in limited color
saturation. Recently, laser-assisted methods have attracted a lot of attention16,18. By either
reshaping particles or particle creation through ablation, these methods can produce microscopic
color images highly angle independent due to the particles deep-subwavelength size. However, the
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color quality shown in these examples is still lacking for many potential applications due to the
lack of control of particle size distributions and density.
In the following section, I demonstrate a large area, highly reproducible self-assembling
technique where aluminum particles are formed on a surface through a temperature and pressure
dependent thin film growth mechanism in an ultra-high vacuum electron beam evaporator. This
process is compatible with and takes on the scattering properties extreme substrates and can result
in completely diffusive, angle-independent and flexible plasmonic color surfaces. I will then
demonstrate the potential and novelty of such a color generation mechanism by exploring its active
tuning and integrating into optoelectronic devices.
Self-Assembled Plasmonic Color Surfaces
The surface consists of a dense assembly of aluminum particles formed atop an optically
thick aluminum backplane separated by a conformally coated 10 nm layer of aluminum oxide.
The self-assembled particles form through a temperature and pressure dependent thin film growth
mechanism in an ultra-high vacuum electron beam evaporator. A schematic of the particle system
is shown in Figure 26 (a). The particle-gap-mirror system supports localized surface plasmons
confined to the gaps between particles and the mirror. These resonances demonstrate a high degree
of independence on the angle of incident light and their spectral location is dependent on the size
distribution of the aluminum particles. Light which is not absorbed by the surface is reflected back
to result in a perceived color.
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Figure 26 | Self Assembled Plasmonic System and Particle Statistics. (a) Schematic of self-assembled
aluminum particles atop an oxide spacer and aluminum mirror. Wavelength of plasmon resonance scales
with particle size. (b) Scanning electron microscope images of three sampled surfaces corresponding to
yellow, magenta and cyan. Insets are optical microscope images of the respective regions. (c) Histogram
of particle sizes obtained from the SEM images shown in (b). Radii for particles are calculated assuming
an area equivalent sphere.

Mechanisms of Thin-Film Growth
Understanding the growth mechanisms of the aluminum particles is pivotal in designing
and controlling the attributes of the surface. Island formation in thin film growth has been
extensively studied and researchers as far back as Faraday have speculated on the origin of color
coming from thin metallic films89,92,93. Generally, thin film growth can be separated into three
modes95: Frank-van der Merwe (Layer-by-Layer), Volmer-Weber (Island), and StranskiKrastanov (Layer and Island). Aluminum exhibits the Volmer-Weber growth mode97 and is
initiated by the adsorption of atoms to the surface of the substrate. The energetic molecule is free
to diffuse along the surface until it settles on a site with a local energy minimum. Subsequent
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aluminum atoms adsorb, diffuse and condense about these low energy sites in a process termed
nucleation. As this continues, particles anchored at adjacent nucleation sites begin to touch and
form grain boundaries. If energetically favorable, these individual grains can coalesce to form
larger particles, the shape of which depends on the equilibrium reached between the aluminum’s
free energy and interfacial stress with the substrate. The accumulative result of this process can be
seen in Figure 26 (b). Scanning electron micrographs (SEMs) are taken of yellow, magenta and
cyan samples (CYM color basis set) and show the increase in particle size as a function of grain
size. Insets depict microscope camera images taken from the respective surfaces. Interestingly,
the fill fraction of particles on the surface remains almost unity for all samples which indicates a
high number of nucleation sites in the initial phase of deposition. We also find that the rather
circular particles of the yellow sample become more irregular as their size increases. This can be
attributed to the strong bonding of aluminum to the aluminum oxide substrate at odds with the
aluminum’s surface energy, preventing the aluminum from reforming into symmetric ellipsoids.
Vital to the method is the temperature of the substrate and pressure of chamber at the time of
evaporation. We find that surfaces deposited below 100oC and above 10-7 Torr result in colored
surfaces, however, are relatively unsaturated. Alternatively, the color vibrancy appears to increase
with the lower pressure and the hotter the substrate. A detailed study of these parameters on the
color contrast of the resulting colors is shown in Figure 27. Camera images of surfaces as a
function of temperature and the corresponding CIE Chromaticity diagram can be seen in Figure
27 (a), while the surfaces as a function of deposition rate are shown in Figure 27 (b).
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Figure 27 | Particle Formation Parameter Space and Impact on Color Quality. (a) Camera images of
1 in x 2 in samples deposited at temperatures through 50 C to 150 C at a evaporation rate of 0.5 As-1. (b)
The 1931 CIE Chromaticity Diagram with color data obtained from the samples in (a). (c) Camera images
of 1 in x 2 in samples deposited with evaporation rates form 0.1 As-1 to 1 As-1 at a temperature of 100 C.
(d) The 1931 CIE Chromaticity Diagram with color data obtained from the samples in (c).

Particle Size Dependent Color
To show the range of color achievable with such a system, we sweep over the thickness of
aluminum deposited by adapting a partial shutter and rotatable stage. We rotate the sample roughly
11o every 0.5 nm for 8 nm and then statically deposit another 8 nm. This method results in the
vivid spectra and sample shown in Figure 28 (a-b). As the deposition begins, the white mirror-like
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reflectance of the sample turns yellow as the plasmonic resonance red-shifts from the UV to visible
spectrum. The pronounced near 100% absorption resonance continues to shift through the visible
regime, creating a standard CYM (cyan, yellow and magenta) subtractive color palette. The
quality or contrast of the preliminary reflective colors can be seen in Figure 28 (c) as mapped to
the CIE 1931 chromaticity diagram. The outer locus of the diagram represents the completely
saturated color of a spectral delta function – equivalent to laser light – while in the center resides
unsaturated mixtures of light culminating in the white point. Black dots on the graph represent the
span of the preliminary plasmonic system and are obtained by applying the standard CIE
chromaticity function conversion to the spectra of Figure 28 (a). For comparison, we plot the
tristimulus values of the NSTC TV standard and that of a high quality magazine print. The
preliminary plamsonic surface covers a fair portion of the color space and nearly reaches the span
of the NSTC standard for yellow, magenta, purple and blue. We believe this is quite remarkable
considering the narrow Gaussian LED peaks used in standard displays. Alternatively, we see that
the plasmonic surface covers a larger area of the color space than that of magazine print.
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Figure 28 | Particle Size Dependent Plasmonic Color and Quality. (a) Camera image of a 1 in x 2 in
sample in which the amount of aluminum deposited is azimuthally varied. This changes the size of particles
and results in the reflectance spectra seen in (b). The color of lines are obtained through the CIE
Chromaticity matching functions. (c) The 1931 CIE Chromaticity diagram, black dots indicate values for
the surface color in (a) and (b). (d) Field profiles obtained through FDTD at resonance showing field
confinement in the gaps between particles. (e) FDTD simulations of reflectance as a function of particle
radius.

Complementing the material study of aluminum island formation, the optical properties of
the structure can be predicted through full-wave finite-difference-time-domain modeling. From
the above SEM images, we see that the size and shape of individual particles can vary within a
single sample. The most direct method to simulate this random structure is to simply import these
images/particle morphologies into large simulation volumes. Aside from being computationally
intensive, this approach doesn’t reveal fundamental modes of the single particle. Instead, we begin
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with a first order model and a series of assumptions. From the grain size and shape study, we find
that the particles are intrinsically isotropic and lack a preferred direction - meaning that we can
approximate them as circular in the x-y plane. To compare the results of such simulations to
experiment, the mean value of the distribution of particle sizes from SEM pictures as shown above
in Figure 26 is extracted and simulated. In addition to the size of particles, boundary conditions
for the simulation must also be established. Two simplified models are evaluated based on the
above mentioned assumption. One is of spherical particles with a defined contact angle with
respect to the substrate arranged in a hexagonal lattice, the other one is a square lattice. By
sweeping the contact angle and lattice constant while keeping the inter particle gap constant, we
find the square lattice simulations most closely fit the experimentally measured spectra. We argue
from SEM images that this is because particles are not in closed packed. Here, we set periodic
boundary condition in the lateral directions and perfectly matched layer (PML) in the vertical
directions. Since, the distribution of particle sizes broadens as more material is deposited, we chose
to calibrate the model with the spectrum from the yellow sample due to its relatively narrow
distribution with the mean particle radius 13 nm at the Gaussian peak. By sweeping the contact
angle and lattice constant, we match the simulation results to measurements at the contact angle
108° and lattice constant 28.4 nm. Figure 28 (d) shows the electric field amplitude distribution at
resonance (λ = 450 nm). We observe that the electric field is mainly concentrated at the edges of
the particles and within the inter particle gap. After matching with the yellow sample (Figure 26
(a)), we proceed to sweep radius of particles while keeping the contact angle the same and the
lattice constant linearly increasing with the radius. From Figure 28 (e), we see that the resonance
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wavelength linearly increases with respect to radius. Higher order resonances appear with particles
greater than 60 nm radius. We find that these simulations accurately match and validate the
experimental data of Figure 28 (a-c).
Angle Independent Absorption
Most previously reported structural color generating mechanisms are limited by their
angular response. A common approach is the adoption of grating coupled or Fabry-Perot based
nanostructure modes14,15. While these can produce narrow and high amplitude reflectance, the
color observed is inherently dependent on the angle of incident light. For display and consumer
product coloration this is unacceptable and has inhibited such structural color from practical
implementation. To address the need for high contrast color in addition to angle insensitivity, we
present the subwavelength localized gap plamson resonance of the aluminum island nanostructure.
Utilizing a reflective integrating sphere and a rotatable mount, the spectra of three selected samples
(cyan, yellow and magenta) are shown in Figure 29. These measurements verify the invariance
of the aluminum island plasmonic system to incident angle. We also perform FDTD simulation
sweeps over incident angle for three particle radii; 13 nm, 24 nm and 39 nm respectively. These
radii are obtained by the mean of the particle distributions of Figure 26 (b) for the typical yellow,
magenta and cyan samples. We notice that the FDTD predicted and measured results are very
similar in location of resonance as well as the slight resonance trail-off at large incident angles.
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Figure 29 | Angle Dependence of Self Assembled Plasmonic Surfaces. Angle-resolved reflectance
measurements of three selected plasmonic surfaces (yellow, magenta and cyan) utilizing an integrating
sphere. Experimental results are compared directly to simulation FDTD results using particles of mean
radius obtained from histograms of the respective surfaces.

Diffuse and Flexible Surfaces
One of the defining advantages of the proposed aluminum island structure is its ability to
be made on arbitrary surfaces. This fabrication flexibility allows the system to take advantage of
the scattering attributes of the substrate and can lead to the first time demonstration of diffuse
plasmonic color. In Figure 30 we show the plasmonic surface fabricated on sandblasted glass.
The surface of the glass is jagged and contains random microstructures in excess of 100 μm rms
roughness. The result is an extremely diffuse and mat finish compared to the mirror-like plasmonic
color surface demonstrated above. To quantify the diffusiveness of the surface we perform
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integrating sphere measurements with the incident beam normal to the sample. Specular reflection
from the surface exits the sphere and only scattered light is measured. Normalized with respect to
a Spectraflect coated surface (98% near-Lambertian surface, Labsphere), we see that the vast
majority of light is scattered while maintaining the color of the underlying nanostructure.
However, from the spectra of Figure 30 we also observe an undesirable broadening of the spectra.
Since the color generated through aluminum island formation depends on the thickness of
material deposited, there exist many ways to spatially pattern surfaces and create images. Figure
30 (d) demonstrates a stenciled and rotated deposition of the aluminum particles to show the “UCF”
Pegasus logo. Images are taken at increasing angles to reaffirm the system’s angular invariance.

74

Figure 30 | Diffusive and Flexible Plasmonic Color. (a) Schematic of the diffuse reflectance
measurement using an integrating sphere and (b) experimental integrated reflectance obtained from the
sample in (c). (c) is a camera image of the plasmonic system formed on a 2 in x 2 in piece of sandblasted
glass which results in a near Lambertian diffuse reflectance. (d) Masked fabrication of the aluminum
particles in the form of the UCF Pegasus logo (2 in x 3 in sample). (e) Fabrication on a thin, flexible layer
of PDMS (2 in x 3 in) and aluminum foil, (f) (2 in x 2 in).

Lastly, the island formation process is compatible with flexible substrates. If performed at
100oC, the temperature is low enough for polymers such as PDMS as seen in Figure 30 (e).
Interestingly, the deposition of a thick aluminum mirror on the PDMS creates micro corrugations
on the surface which results in a shimmering semi-diffuse effect on the reflected color. Figure 30
(f) shows how foils can take the place of the aluminum mirror and how electro polishing can be
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used to modify scattering properties. Such efforts could lead to new multifunctional materials with
stretchable, flexible, angle-independent and diffuse color properties.
Integration of Black/Grey States with Plasmonic Color
A major advantage of the preliminary plasmonic color system is its ready integration ability
with other optoelectronic devices. One can leverage the decades of research and engineering of the
liquid crystal display industry to quickly compose and evaluate novel types of hybrid devices. A
vital aspect of these liquid crystal devices is the ability to control the amount of light reflected
from them. One possible way of achieving black and intermediate “gray states” is the use of dyedoped liquid crystals commonly used in smart windows. These dye molecules are rod-like in shape
and anisotropically absorb visible light when polarized along the molecule’s long axis. Light
polarized to the molecular short axis exhibits dramatically less absorption. This shape has the
added benefit of being similar to that of nematic liquid crystals and when the two are mixed, the
dye will align with the local liquid crystal director. To create a device which turns from black in
the “off state” to transparent in the “on state”, an in-plane twist of the liquid crystal director is
desired. This ensures that any given polarization of light will become parallel to the dye’s long
axis at some point within the cell and be absorbed. Applying a vertical electric field across the
plasmonic surface and a top transparent layer of ITO coated glass causes the liquid crystal and dye
realign. In this vertical state, incident light only experiences the short axis of the dye and passes
through to reflect off the underlying plasmonic surface. Figure 31 experimentally demonstrates
three such devices in which we dope the common liquid crystal, E7, with the chiral dopant R811
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and the dichroic dye S428 (Mitsui Chemicals Inc.) at a 94:3:3 wt% ratio. The cell consists of the
preliminary colored plasmonic surfaces which are each UV cured to a ITO and polyimide coated
superstrate. The rubbed polyimide provides the necessary homogeneous/planar alignment to the
liquid crystal and ensures minimal scattering. The LC mixture is then injected into the cell where
the cell gap was controlled with silica spacers at 8 µm. In the off state, the chiral dopant makes the
liquid crystal rotate along the axis perpendicular to the substrates, resulting in a black state where
the dye molecules absorb most light. In the on state, the liquid crystal aligns perpendicular to the
substrates and thus absorbs the least. Intermediate states can be achieved by applying voltage
between off state (0 V) and on state (10 V), leading to an observable gray scale as can be seen in
Figure 31 (a). This device has the advantages of being polarization independent and capable of
fast millisecond-scale response times. In the ideal case with a perfect mirror, the reflectance of
the optimized dye-doped LC cell can be tuned from 5% to 55% - slightly higher than the 30-50%
maximum reflectance of conventional reflective LC cells.
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Figure 31 | Dye-Doped Liquid Crystal-Plasmonic Devices. (a) Cells made from plasmonic surfaces of
the three primary subtractive colors. A 1kHz sine wave is applied to change the amplitude of reflectance
from 0-10V. Each sample is 1x1 inch. (b) Reflectance spectra of the three surfaces in the extrema voltage
states.

Active Addressing through Reflective TFT Arrays
To further demonstrate the compatibility of the plasmonic system with current display
technology we harvest and repurpose a commercial reflective TFT array. A pixel schematic of the
reflective display can be seen in Figure 32 (a), in which light passes through a circular polarizer,
LC layer and is incident upon a bumpy aluminum reflector. The display uses the mixed twisted
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nematic mode98. In the OFF state of the device, the twist, birefringence and cell gap of the cell are
engineered so that light hits the aluminum reflector in a linearly polarized state. Light is then
reflected back through the cell and regains its circular state and passes back through the circular
polarizer – resulting in a bright state. In the ON state of the device, the LC becomes vertical and
does not influence the polarization state of the propagating circularly polarized light. Upon
reflection, the light changes hand and is then absorbed by the circular polarizer – resulting in a
black state. To increase the surface area of active portions of the display, the various electronics
(capacitors, transistors and electrical lines) are cleverly hidden beneath the bumpy aluminum
reflector. To integrate the display with plasmonic nanostructures, the TFT backplane is removed
from the ITO coated superstrate and cleaned of LC. After removing the polyimide alignment layer,
the surface is coated with 10 nm of Al2O3 through ALD and then coated with the self-assembled
aluminum particles. Figure 32 (b) shows the TFT backplane after coated with particles to result
in a vivid yellow. The TFT backplane is then coated with a polyimide alignment layer and rejoined
with the top superstrate, aligned with the black matrix. After UV curing the display with silica
bead spacers to control cell gap, an appropriate LC is chosen to maximize and produce the bright
state of the display. Figure 32 (c) shows a microscope image of the assembled and functioning
display and active control of grey states. To show arbitrary control over pixels and the advantage
of active addressing schemes, Figure 32 (d) shows the UCF Pegasus logo along with other arbitrary
patterns.

79

Figure 32 | Active Addressing and Reflective TFT Integration. (a) Schematic illustration of the actively
addressed reflective display. A Sharp Memory display is disassembled and coated with aluminum particles
resulting in the camera images shown in (b). Camera image of the 2.7 in diagonal display after particle
coating and microscope images of a single pixel. (c) Microscope images of the completed display and
demonstration of individual pixel control. (d) Camera images of the display showing various logos and
symbols.

Prospects for Dynamic Color Tuning
Along with the ability to tune the spectral response of plasmonic materials by the size of
their nanostructured components, plasmonic resonances are also dependent on the index of
surrounding media. Figure 33 demonstrates this effect with aluminum particles evaporated at low
pressure. Swept in thickness from 0 to 8 nm, the resulting colors are unsaturated. However, when
this sample is then coated conformally with 10 nm of aluminum oxide, the surface colors shift as
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well as significantly increase in quality. This is due to the 0.7 change in refractive index of air and
the respective oxide. While showing another potential avenue for enhanced color quality, we
believe this simple experiment shows incredible promise for the post-fabrication tunability of the
plasmonic nanostructure. In effect, this shows a large portion of the plasmonic fields exist outside
the first oxide spacer layer and can be accessed by various index changing materials. This result
speaks positively for the possible integration of the plasmonic surface with liquid crystal cells and
the use of high birefringent liquid crystals to create dynamic color tunable plasmonic devices.

Figure 33 | Effect of Oxide Encapsulation (a) a 3 in x 3 in plasmonic surface deposited at low vacuum of
1e-6 Torr resulting in relatively dull colors. (b) The same sample after an additional 10 nm of aluminum
oxide using atomic layer deposition. This shows the potential of the surface in being tuned by various
electroactive materials. Scale bar is 0.75 inch
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Future Work and Discussion
While this work demonstrates a relatively large color gamut compared to other plasmonic
color schemes, we believe this can be further improved through an exploration of aluminum thin
film growth mechanisms. In general, the color quality of a reflective surface is directly determined
by the surface’s resonance and spectral features. While a deep resonance may be an obvious
requirement, the ideal width of the resonance must change based on the resonance’s location. This
is due to the subtractive nature of the color as opposed to the additive color of light generating
systems like LEDs. While a sharp peak in the spectra might be desired for additive color, a narrow
and deep absorption dip would still result in an unsaturated color close to the white point. For this
reason, we seek an independent way to control both the resonance location and width.
We have shown that the resonance location depends directly on the mean particle size
which we control through the amount of material deposited. The width of the resonance, however,
depends on several factors from the geometry of the system to the dispersion of the plasmonic
material. The most straightforward is the inhomogeneous resonance linewidth broadening due to
variations in particle size and shape. We see from Figure 26 that as more material is deposited and
islands begin to coalesce, the distribution of particle size increases. The reflectance spectrum of a
distribution of particles can be understood as the geometrical mean of the spectra arising from its
individual components. Therefore, self-assembled methods which exhibit order may allow control
over the distribution of particles and limit the dispersion of size as particles coalesce as a function
of deposition parameters.
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Towards this goal, I propose a thorough exploration of the pressure, temperature and rate
of deposition – and the impact these have on particle growth and morphological statistics. Higher
temperatures (above 150oC) should allow the particles to reform into more uniform ellipsoids
during coalescence and for a larger range of particle sizes. Nucleation density depends greatly on
evaporation rate. As rate decreases, there exists more time for diffusion along the surface and
capture into nearby nuclei. By pushing back the point at which the film becomes continuous,
larger radius particles are achievable and higher order resonances can be used to obtain colors not
possible with only a single resonance. Another point of exploration is the substrate upon which
the particles are formed. Changing the oxide spacer to a material with less affinity towards
aluminum can improve particle uniformity and distribution.

Alternatively, increasing the

roughness of the underlying surface can increase the density of nucleation sites and lower the
barrier energy for formation.
Another approach to widen the color space of the plasmonic surface is the addition of
multiple layers of aluminum particles and oxides. From the CIE diagram in Figure 28 (c),
expanding the quality of the subtractive colors (yellow, magenta and cyan) achieves achievable
and should be pursued. However, green makes up an un-proportionally large area of the diagram.
To realize the maximal increase in color gamut, a green palette is needed from the plasmonic
surface. Creating saturated greens from an absorptive color scheme can be difficult, but we
propose the following approach. By coating a cyan sample with an aluminum oxide layer and then
depositing smaller particles which produce yellow, we predict a range of greens to be achievable.
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Adding additional parameters can quickly complicate such a study, but with a shuttered deposition
system we can systematically sweep over the thickness of multiple layers in orthogonal directions.
In conclusion, I have demonstrated a large area, highly reproducible self-assembling
technique where aluminum particles are formed on a surface through a temperature and pressure
dependent thin film growth mechanism in an ultra-high vacuum electron beam evaporator. This
process is compatible with and takes on the scattering properties extreme substrates and can result
in completely diffusive, angle-independent and flexible plasmonic color surfaces.

I then

demonstrate the potential and novelty of such a color generation mechanism by exploring its active
tuning and integrating into optoelectronic devices. These results represent a continuation of
centuries of human plasmonic color use and suggests there are still many fascinating aspects to be
studied.
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CHAPTER 4:
TUNABLE PLASMONICS FOR INFRARED “COLOR”
The use, control and creation of color is of great importance to living creatures and a highly
evolved aspect of their being. In the most basic sense, color is a living entity’s perception of
different wavelengths of light, which depends on their physical ability to spectrally resolve them
as well as mentally process the resulting signals. The detection ability of animals often exceeds
the electromagnetic range visible to humans and many studies have shown the use and detection
of ultraviolet through infrared light in birds, lizards, mantis shrimps, and snakes99. Where the
ability to detect light occurs, evolution often incentives its use for signaling and camouflage.
Types of infrared signaling have even been demonstrated by ground squirrels which control the
temperature and motion of their tails to deter rattlesnakes100. Certain types of caterpillars and tree
frogs are also colored to blend into their backgrounds when viewed with visible or infrared light99.
Within Chapter 2 and Chapter 3, I show how plasmonic materials provide a method with
which to control and dynamically change the color of reflected light within the visible spectrum.
Here, I will show how these same concepts can be translated to the infrared by using the scalability
of their optical responses with respect to their physical dimensions. The result is a plasmonic
system for static and dynamic infrared camouflage for information encoding and obfuscation.
Hyper Spectral Materials
Nanostructured plasmonic materials

have promised unique control over the

electromagnetic spectrum. With the aid of advanced modeling and fabrication techniques,
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researchers have demonstrated near arbitrary tailoring of amplitude101, phase102-104 and wave
fronts105,106 - the applications for which are diverse as light itself. However, a relatively small
volume of work has focused on controlling these fundamental properties independently across
multiple electromagnetic regimes.

Such multispectral plasmonic systems can enable novel

surfaces with combined functionalities. For example, reflective multilayer films which selectively
absorb and therefore emit infrared light within transparent atmospheric windows for heat
management107, or plasmonic filters with tunable resonances for multispectral color imaging108-112.
Similar concepts can be applied to camouflage and anti-counterfeiting techniques where encoded
images are only viewable within desired spectral regimes. These multispectral systems are
generally comprised of layers of metals and dielectrics that, when combined, manifest resonances
dependent on structural dimensions. This attribute provides a convenient and direct path to
arbitrarily engineer the surface’s optical characteristics. However, changing structural parameters
to accommodate one spectral regime influences the resonances at other spectral ranges – thereby
lacking independent control of optical characteristics within individual spectral regimes.
Here, we demonstrate a plasmonic system with continuously tunable absorption
throughout the mid and long wave infrared atmospheric transparency windows while maintaining
near-constant visible properties.

This is achieved through a multi-layer cavity-coupled

nanostructured system with spectral range dependent resonance mechanisms. This cavity-coupled
plasmonic system allows the excitation of a plasmon resonances in the infrared spectral range - far
away from the natural plasmon resonance defined by bulk material parameters. Each resonance
mode depends on a separate (though not exclusive) set of structure parameters which we define
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and explore through finite difference time domain (FDTD) numerical simulation. By identifying
and varying the appropriate dimensional parameters, we create experimentally an infrared ‘color
palette’ and realize images which can be clearly seen with infrared cameras but are concealed in
the visible domain by pixel-to-pixel invariant plasmonic absorption and diffraction. We use
nanoimprint lithography to produce the plasmonic structure over large areas and on flexible
substrates, thereby bypassing expensive and restrictive electron-beam (EBL) or UV lithography
techniques. This work demonstrates the use of cavity-coupled plasmonics for multispectral
engineering and the potential use of such systems in camouflage, solar management and anticounterfeiting technologies.

Figure 34 | Image Encoding and the Three-Level Plasmonic System. (a) An encoded surface where
pixel data is mapped to structural features of the plasmonic system. The spectral axis shows how the data
can manifest in the desired wavelength range, here the shortwave infrared window, while the surface
remains uniform in others. (b) Schematic of the cavity-coupled plasmonic device consisting of a backmirror,
an imprinted array of holes in a polymer, and a second evaporation of gold to create disks and a perforated
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film. Below is a false colored scanning electron microscope image of the plasmonic system leading into a
schematic with the various structural parameters.

Cavity Coupled Plasmonic System
The schematic illustration of the cavity-coupled plasmonic system can be seen in Figure
34 (b). The device consists of a reflective back mirror, a dielectric spacer imprinted with an array
of holes, and a second layer of thin metal which is electron beam evaporated onto the patterned
polymer to simultaneously create an array of disks and a perforated metallic film. When excited
resonantly with incident light, collective oscillations in electron density, termed surface plasmons,
manifest on the edges of the metal holes and disks - the absorbed energy dissipates through electron
plasma loss. The resonant wavelengths at which this occurs depends on the size of these elements,
their vicinity to each other, as well as their distance from the reflective backplane. Specifically, we
define these structural parameters as the pattern periodicity (P), hole/disk diameter (D), the relief
depth of each hole (RD) and the thickness of the cavity (L). A false color scanning electron
microscope (SEM) cross section of the cavity-coupled plasmonic system depicting these various
parameters can also be found in Figure 34 (b). By varying one more of these parameters across a
surface, images are encoded within a desired spectral range while not appearing within others.
Figure 34 (b) illustrates this concept with a system designed for the mid wave infrared (MWIR)
window. While a grey-scale image appears when viewed through a MWIR camera, the appearance
within the visible and long wave infrared (LWIR) regimes remain constant and uniform.
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Spectral Dependence on Structural Dimensions
The optical characteristics of the cavity-coupled plasmonic system can be categorized
based on the scale of its structural features relative to the wavelength of incident light, λinc. To
demonstrate this and the impact of the above parameters on the system’s resonant modes, we define
and simulate two devices to operate in the mid-wave infrared (MWIR, 3-5 μm) and long-wave
infrared (LWIR, 8-12 μm) atmospheric transparency windows. Figure 35 (a) and (c) show
schematics of these systems and their corresponding structural dimensions. By performing a series
of finite difference time domain (FDTD) simulations over hole diameter, the multispectral
reflectance spectra of the respective surfaces can be seen in Figure 35 (b) and (d). Vertical dotted
black lines denote the desired infrared windows of operation. When λinc is much larger than the
pattern diameter (λ >> D), the surface behaves as a metallic plane or mirror. As λ inc decreases,
extraordinary light transmission takes place through the subwavelength hole array due to the
excitation of induced plasmon resonance on the hole/disk, as seen in the inset of Figure 35 (b).
This resonance occurs when constructive interference of the cavity coincides with the location of
the disk within the cavity, enhancing the plasmonic fields on the edge of the disk which eventually
dissipates as electron plasma loss. This resonance can be understood as an array of coupled dipole
oscillators and is directly impacted by all structural parameters as extensively studied in our
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work113.

previous

Figure 35 | Parameter space exploration. Two systems are explored for operation in the short wave
infrared (SWIR) and long wave infrared (LWIR) transparency windows. (a) Schematic of the plasmonic
device designed for the MWIR and (b) corresponding finite difference time domain (FDTD) simulations of
reflectance as a function of hole diameter. (c) A schematic of the LWIR device and (d) the equivalent
FDTD sweep of hole diameter. Dotted black lines depict the infrared desired range of operation. Hole
diameter can be used to sweep through these windows while keeping visible absorption invariant.

As λinc becomes comparable to structure’s periodicity, higher order plasmonic resonances
appear and the onset of diffraction begins to dominate the structure’s spectral features as observed
in Figure 35. Within this and the visible regime, light is diffracted into Fabry-Perot interference
modes producing sharp and narrow dips in reflection. Interestingly, these modes are largely
invariant to hole diameter and relief depth while being highly sensitive to periodicity and cavity
thickness. Figure 36 and Figure 37 show the effects of relief depth and cavity thickness for the
MWIR and LWIR structures, respectively. From this parameter study, hole diameter and relief
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depth provide two possible routes to achieve infrared encoding while maintaining a uniform visible
absorption.

Figure 36 | Square array parameter space exploration. (a) The three-layer plasmonic system designed
for the mid wave infrared (MWIR) is systematically explored. (b) Finite difference time domain (FDTD)
simulations of reflectance as a function of cavity thickness. (c) FDTD simulations as a function of relief
depth. Dotted black lines depict the infrared desired range of operation.
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Figure 37 | Hexagonal array parameter space exploration. (a) The three-layer plasmonic system
designed for the long wave infrared (LWIR) is systematically explored. (b) Finite difference time domain
(FDTD) simulations of reflectance as a function of cavity thickness. (c) FDTD simulations as a function
of relief depth. Dotted black lines depict the infrared desired range of operation.

Role of Diffraction
Given the periodicity of the pattern arrays, diffraction plays an important role in the visible
perception of the surfaces. To conceal information encoded in the surface it is essential that
diffracted light not differ from pixel to pixel. This places the design constraint on pixels that
periodicity be held constant, which ensures that for any angle of incident light and viewing angle
the surface will have a uniform spectral distribution or color. However, the efficiency of all
diffracted orders are not guaranteed to be uniform across a given parameter space. This results in
a surface with uniform color but with variations in brightness corresponding to the encoded
information. To quantify this effect, we calculate the diffraction efficiency of the MWIR (Figure
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35 (a)) and LWIR (Figure 35(b)) devices as a function of hole diameter. Performed through FDTD,
Figure 38 (a) and (b) shows the spectrally (400 nm – 800 nm) and order averaged diffraction
efficiency as a function of hole diameter, for the MWIR and LWIR devices, respectively. From
these results, it can be observed that the diffraction is largely dominated by the first order modes
which have an efficiency range of 1-7% for the MWIR device and 1-4% for the LWIR device in
the visible spectral range. It is important to note that this is the averaged strength of a single
diffracted order and not their summation, as we aim to quantify the difference in light perceived
by a single viewer at a given position. These results predict a near invariant diffraction efficiency
over a range of hole diameters, ΔD, which is centered about the peak in efficiency. Black dotted
lines indicate the range of hole diameters in which the diffraction efficiency deviates by 1% or less.
This range can then be used to find the span of wavelengths the first-order resonance can traverse,
Δλ. For the MWIR device, this gives a ΔD of 350 nm (D = 690-1040 nm) resulting in infrared
tunability Δλ = 2.8 μm (λ = 3.9 – 6.7 μm) as can be seen in Figure 35 (b). The same analysis for
the LWIR device results in a ΔD of 1.33 μm (D = 2.25 – 3.59 μm) and LWIR tunability Δλ = 6.88
μm (λ = 8.96 – 15.84 μm) as observed in Figure 35 (d). These Δλ values show that the structures
can be largely tuned throughout the infrared transparency windows based on hole/disk diameter
while minimizing pixel-to-pixel brightness variations in the visible domain.

93

Figure 38 | Pixel-to-pixel variation in diffraction. The spectral and order averaged diffraction efficiency
of the first and second orders at normal incidence for (a) the MWIR device and (b) LWIR devices.
Efficiency is averaged over the visible spectral range of 400 nm to 800 nm. Black dotted lines indicate the
range of diameters with a maximum deviation of 1%. Insets depict the respective devices and the
degeneracy of the first diffracted order based on the symmetry of the hole array.

Device Fabrication and Characterization
To experimentally demonstrate the cavity-coupled plasmonic devices, we utilize a
combination of direct laser writing and nano-imprint lithography (NIL). While useful in rapid
prototyping and scaling of the devices, the process involves several intricacies which impacts the
accessibility of certain parameter spaces and the quality of resonances formed within them. Our
method, however, constrains a device to a single cavity thickness and relief depth, leaving hole
diameter as the prime parameter to achieve multispectral encoding. Once the master is fabricated,
a cast is made using a soft polymeric material which is then used to replicate the features of the
master in spun coat films of thermoplastic. Completed devices including gold films are depicted
in Figure 39 (a-b) for the MWIR and LWIR devices, respectively. Scanning electron microscope
images of the top of the surface show a range of hole diameters next to images of the surface taken
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with infrared cameras. A cooled indium antimonide detector (A8300sc, FLIR) is used for the
MWIR device of Figure 39 (a) while an uncooled VOx microbolometer camera (HD-1024, St.
Johns Optical Systems) is used for the LWIR device, Figure 39 (b). The infrared systems produce
images determined by the power incident upon them, which is given by an overlap integral of the
surface’s emission/reflection, the detector’s sensitivity spectrum and the blackbody spectrum:
𝜆

𝜆

1

1

𝑃 = ∫𝜆 2 𝐵(𝜆, 𝑇𝑅 )𝐸(𝜆)𝑆(𝜆)𝑑𝜆 + ∫𝜆 2 𝐵(𝜆, 𝑇𝑅 )𝑅(𝜆)𝑆(𝜆)𝑑𝜆

(4)

where 𝐵(𝜆, 𝑇𝑅 ) is the spectral radiant exitance from a black body, 𝑅(𝜆) is the spectral
reflection from the sample and 𝑆(𝜆) is the wavelength dependent sensitivity of the camera114,115.
According to Kirchoff’s Law, infrared emission 𝐸(𝜆) is equivalent to absorption while in thermal
equilibrium and can therefore be obtained by taking 1 − 𝑅(𝜆) .

We directly measure the

reflectance of the hole diameter arrays with a Fourier-transform infrared spectrometer (FTIR), the
results of which are shown in Figure 39. Solid lines indicate measured values while dotted lines
are from the respective FDTD simulated spectra of Figure 35. All measurements and imaging are
performed at room temperature. From this we observe the predicted red shift of the resonance
with increasing hole diameter. Experiment and simulation of both devices closely match in
resonance location, however, differ slightly in resonance strength and width. We attribute this to
a difference in the simulated and actual scattering parameter within the gold Drude model as well
as errors in fabrication. The distortions of resonance shape for the LWIR device is due to the
intrinsic infrared absorption bands of SU-8.
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Figure 39 | Experimental hole diameter sweep. Top-view scanning electron microscope images showing
the hole diameters of the fabricated plasmonic systems, infrared images and Fourier-transform infrared
spectrometer measurements of the (a) MWIR and (b) LWIR devices. Solid lines for the reflectance spectra
are measured values while dotted lines are obtained through FDTD simulations.

Covert Infrared Images
The potential of the cavity coupled plasmonic system can be demonstrated by encoding
images and data into the surface and observing through infrared and visible regime cameras.
Figure 40 (a) depicts the well-known image of the Afghan Girl (Magnum Photos). Using the

96

results of Figure 39 (a), we create a mapping between the hole diameters of a given pixel and the
greyscale values of the surface when imaged through the infrared cameras. Through direct laser
writing, the image is encoded into the master and used in the sequential NIL process. The results
can be seen in Figure 40 (b) as imaged through a cooled InSb detector (A8300sc, FLIR) and depicts
the intended grey-scale image of the Afghan Girl. When viewed by eye or a visible camera, the
encoded surface becomes a uniform block of color dependent on the angle of incident light and
viewing angle. The same procedure can be completed for the 8-14 um window device, where we
arbitrarily choose an image of Einstein and a QR code as the data to encode. Figure 40 (e) shows
the images viewed through the uncooled VOx microbolometer detector (HD-1024, St. Johns
Optical Systems). Similar to the 3-5 um band device, the hole diameter encoded surface depicts a
near uniform field of color. Slight variations or outlines may appear due to the differences in
diffraction efficiency of pixels with different hole diameters as discussed above.
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Figure 40 | Infrared encoded data and images. (a) Image of the Afghan Girl (Copyright Steve McCurry
/ Magnum Photos. Image rights granted by Magnum Photos New York) which is encoded into the
plasmonic surface by mapping hole diameter to infrared grey-scale. (b) Infrared image of the encoded
MWIR surface taken with a cooled indium antimonide detector (A8300sc, FLIR) and (c) visible camera.
The MWIR Afghan Girl encode device is 1 x 0.75 mm2 in size. The same procedure is conducted for the
LWIR domain and images to be encoded are (d) that of Einstein and a QR code leading to our website
(http:/nanoscience.ucf.edu/chanda/).
(e) LWIR infrared images taken with an uncooled VOx
microbolometer camera (HD-1024, St. Johns Optical Systems) and (f) a visible camera. The Einstein
encoded sample area is 1.25 x 1 mm2 and the QR code is 1 x 1 mm2.

Discussion
In summary, a multispectral plasmonic system in which infrared resonances can be
independently tuned while keeping visible properties invariant has been demonstrated. This is
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achieved through multispectral coupling mechanisms and the constraint of key structural
parameters. Coupled dipole resonances between the array of hole/disk and cavity dictate the
infrared response while diffraction into fabry-perot cavity modes dominates the visible regime.
We then encode grey-scale images and data into the surface by mapping the hole diameter of the
plasmonic system to respective pixels. Combined with the ease of fabrication and compatibility
on flexible substrates, this work can lead to new plasmonic surfaces with multispectral
functionalities like information encoding for thermal management, camouflage and anticounterfeiting etc.
Liquid Crystal Integration and Dynamic Tuning
To demonstrate dynamic tuning of the cavity coupled plasmonic system, liquid crystal is a
common material just as is used within the visible regime.

However, there are several

considerations which make this integration difficult and, to date, only limited plasmonic shifts
have been demonstrated49-51. The first downside to infrared liquid crystal integration is that the
chemical bonds of the material exhibit absorption resonances within the desired regime. Much
effort has been placed on chemically replacing undesired bonds with those outside of the midwave or long-wave infrared window116-118. However, with the several micron thick cell gaps of
the demonstrated devices, this absorption can still be impactful. Along with the need for infrared
transparent windows made from hygroscopic crystals, makes their implementation less than
straight forward.
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Within this section, I will demonstrate an alternative method of liquid crystal integration
which results in dramatically improved tuning over previous accounts. This is achieved through
suspending the metal films through encapsulation and undercutting followed by liquid crystal
infiltration. The submicron gap of the plasmonic cavity reduces the impact of inherent liquid
crystal absorption and removes the need for a hygroscopic transparent window. Dramatic tuning
is observed during liquid crystal infiltration due to capillary forces pulling down the suspended
membrane. This is followed by reversible and dynamic tuning which is controlled through an
applied field between the mirror and the suspended plasmonic hole-disk system.

Figure 41 | Suspended and Passively Addressed Plasmonic System (a) FIB cross section of the cavity
coupled plasmonic system in which the top metal is encapsulated between aluminum oxide and undercut
to reveal a suspended film. (b) Microscope image of an example surface with regions of un-undercut
(green), undercut (blue-grey) and etch holes (white). (c) Camera image of the completed system passively
addressed to access a 4x4 of patches with varying hole periodicities and diameters.
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Suspended and Passively Addressed Infrared System
A focused-ion-beam cross section of the suspended plasmonic cavity system is shown in
Figure 41 (a). Samples are made by imprinting a square array of holes into a spun polyimide film
on an aluminum mirror. This is followed by an atomic layer deposition (ALD) of aluminum oxide,
electron beam deposition of aluminum to create discrete metallic holes and disks, and another layer
of aluminum oxide. The ALD process results in a conformal coating of oxide which effective
encapsulates and provides structure to the metal film. UV lithography is then performed followed
by reactive ion etching to open holes within the oxide-metal-oxide film and expose the polyimide
beneath. Undercutting is then performed within a high pressure reactive ion chamber. Figure 41
(b) shows a microscope image of the plasmonic surface. Green indicates regions where polyimide
exists within the cavity, the array of white dots is the etch holes through the oxide-metal-oxide
film, and grey-blue regions indicate the undercut regions which extend radially from the etch holes.
The stamp contains a 4x4 array of patches with varying hole periodicities and diameters. During
the thin-film aluminum deposition, lines are masked so that a passive addressing scheme can be
implemented to provide electrical access to individual patches. A camera image of a completed
device can be seen in Figure 41 (c).
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Figure 42 | Liquid Crystal Tuning of Cavity Coupled Plasmonic Systems (a) Dynamic and revisable
plasmonic tuning of the system after LC has infiltrated the cavity. (b) Irreversible tuning which occurs at
LC infiltration due to capillary forces. Insets are microscope images depicting a single undercut region as
liquid fills the cavity.

Liquid Crystal Tuning Dynamics
The characteristic reflectance behavior of the device can be seen in Figure 42. Spectra of
a surface with hole diameter of 600 nm and period of 1.06 um can be seen in Figure 42 (a). A 15x
cassegrain objective is used to measure only the suspended regions of the device. With air in the
cavity, the resonance is located at 4 um but shifts to 6 um after the infiltration of liquid crystal.
The increased refractive index of the liquid crystal results in an increased in the effective path
length of the cavity resonator. In the OFF state, the liquid crystal has a planar homogeneous
alignment to the aluminum and aluminum oxide surfaces. The symmetry of the patterned square
array creates a degeneracy within the cavity which results in a liquid crystal layer with two domains,
each aligned to one of the grating vectors. By applying a 1 kHz AC signal across the mirror and
the top aluminum film, the liquid crystal changes from this planar alignment and reorients
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vertically to the applied field. This produces a blue shift in the resonance and allows a means of
reversible and dynamic tuning. The most successful device, shown in Figure 42 (b), produces a
reversible tuning of 1.2 um. However, an even more dramatic tuning is observed in the initial
infiltration of the liquid crystal. This phenomenon can be seen in Figure 42 (b) where a system
with 1 um diameter holes and period of 1.66 um is at various times after the introduction of liquid
to the cavity. At To, capillary forces pull the suspended membrane close towards the aluminum
mirror. The dark outline at the edge of the radial undercut indicates a slope in the surface. This
creates a highly blue-shifted resonance. As intermediate time T1, the cavity fills with liquid crystal
and increases the distance between the film and mirror. Eventually, the cavity saturates at the
originally fabricated height, indicated by the lack of the pre-existing black outline. During this
process, the resonances of the system gradually red-shift as the cavity thickness is increased. The
sample in Figure 42 (b) resulted in an irreversible tuning of 4 um, spanning the mid-wave and
long-wave transparency windows. These results clearly show that the resonances of the plasmonic
system can be more readily tuning through changes in cavity thickness than changes in refractive
index.
Discussion
To conclude, we have demonstrated a multispectral plasmonic system in which infrared
resonances can be tuned through liquid crystal integration. This is achieved by encapsulating and
undercutting the 2.5 D plasmonic film to create a suspended cavity coupled plasmonic system.
Introducing liquid crystal to the cavity results in a dramatic irreversible tuning through changes in
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cavity thickness due to capillary forces on the suspended film. This is followed the ability to
reversibly tune the system’s resonances through applied fields between the suspended membrane
and mirror. This approach removes the need for hygroscopic infrared transparent windows and
reduces unintended absorption which occurs within the liquid crystal layer on account of the
cavity’s thinness. While this demonstrates greater infrared tuning than that previously reported,
the results suggest even greater could be achieved through electrostatic modulation through the
integration with MEMs technology.
Phase Change Material (VO2) Integration and Active Tuning
An alternative to the liquid crystal tuning approaches detailed above are active phase
change materials. An example of these materials is the widely studied and implemented, VO2,
which can change from a semiconductor to a metal within the infrared at a temperature of 70 C.
When considering the integration of VO2 with the cavity coupled plasmonic system, it’s important
to note the results of the liquid crystal tuning experiment. Therein, we found that the system is
more readily tuned through changes in cavity thickness as opposed to refractive index modulation.
To take advantage of this, we opt to place a layer of VO2 within the cavity of our plasmonic system
as opposed to on the thin plasmonic film. This results in a temperature dependent surface where
resonances exist or are quenched by the phase state of the VO2. We then demonstrate temperature
dependent vanishing infrared images by encoding arbitrary data into the surface through pixel-topixel hole diameter variations.
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Figure 43 | VO2 Integrated Cavity Coupled Plasmonic System (a) SEM cross section of the cavity
couple plasmonic system with a layer of VO2 placed within the cavity. (b) Reflectance spectra of the pattern
as a function of increasing temperature. Once in the metal phase, the VO2 quenches the cavity resonance
resulting in a flat mirror-like reflectance. (c) Integrated reflectance (8-14 um) measurements of a hole
diameter encoded image of Einstein. At room temperature the image of Einstein is evident in the reflectance
spectra. Above the VO2 phase transition, the image vanishes.

Vanishing Infrared Images
An SEM cross section of the VO2 integrated device can be seen in Figure 43 (a). The stack
is made by electron beam depositing a mirror of gold followed by a layer of silicon dioxide. The
thickness of this oxide can vary between 400 nm and 1 um and will define where the resonances
occur. A 150 nm layer of vanadium oxide is sputter coated and annealed at 400 C. After this
process, a thin layer of Su8 is imprinted and then completed with a 30 nm gold electron beam
evaporation. We place the VO2 layer within the cavity so that in the oxide phase the optical
feedback from mirror supports resonances on the hole-disk metal system. This can be seen in the
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reflectance spectra of the surface in Figure 43 (b). As the temperature of the system reaches 70 C,
the Mott transition of the VO2 changes dramatically increases the free electrons within the material
and turns into a metal. The presence of this metallic layer effectively shortens the cavity thickness
and, in this case, kills the feedback mechanism responsible for infrared absorption. When fully
transitioned, the surface no longer absorbs light and gives a flat reflectance similar to a mirror. By
pixelating the surface with respect to hole diameter, arbitrary images can be encoded. Figure 43
(c) shows this for an image of Einstein. While at room temperature, the integrated reflectance over
the long-wave infrared band (8 um – 14 um) reveals the arbitrarily chosen image. Increasing the
sample temperature above 70 C triggers the transition in VO2, quenching the infrared resonances
and resulting in the vanishing of the image.
Discussion
Here we have shown the integration of vanadium oxide with a cavity coupled plasmonic
resonator to result in temperature tunable infrared spectra. The two-state devices have absorption
resonances determined by many structural parameters of the system. While at room temperature,
we demonstrate how arbitrary images may be encoded into the surface through variations in holediameter. Above 70 C, the phase transition of VO2, the resonances of the cavity are effective cut
off which results in a flat mirror-like reflection. This creates the effect of temperature sensitive
vanishing images which could find use in infrared encoding, camouflage and anti- counterfeiting.
If coupled with an addressing scheme, the technology may also find use as pixels for infrared
scheme projectors.

106

APPENDIX A:
GRAIN SIZE DETERMINATION
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Matlab’s inbuilt watershed algorithm finds and labels regions surrounded by lines of local
minima, or “watershed ridge lines”, of arbitrary matrices.

We use this generalized method on

SEM images to identify grains of an aluminum film and their size. In order to effectively use the
function, several image processing steps must be completed with care so that they do not influence
the results of the grain size determination. NOTE: Alternatively, there exists several free software
packages capable of analyzing surface statistics which are commonly used for scanning probe
microscopy data. I currently recommend Gwyddion119 for such analysis.
The method is as follows:
1.

Define a pixel-to-nm length conversion factor.

2.

Normalize possibly uneven background through Top-hat filtering

3.

Optional 2D interpolation (will impact pixel to length conversion)

4.

Gaussian Filter to eliminate static noise (filter must be much smaller than grain size but
larger than static noise of image)

5.

Find complimentary image

6.

Suppress all image minima less than the noise floor of the image.

7.

Apply watershed algorithm to find local regions surrounded by lines of local minima
and their size.

8.

Superimpose watershed result on image to verify output of function

9.

Find histogram of watershed results which gives list of local regions with their
respective number of pixels
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10. Convert number of pixels into an area with pixel-to-nm conversion factor.
11. As grains are of random shapes, assume grains are spheroidal and obtain diameter of
respective circle given area.
12. Gaussian fit the resulting histogram plot

Figure 44 | Watershed-Based Grain Size Determination. The input SEM images for the “rough” and
“smooth” aluminum thin film are shown at various steps in the watershed method. The method results in
a list of regions with the number of pixels they contain. The area of each region is then converted into an
approximate grain diameter. Regions are mapped back on the image in the form of white lines to confirm
the methods functionality. Scale bars are 300 nm.
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APPENDIX B:
LC MODELING AND JONES CALCULUS

110

The bulk LC dynamics are simulated using the TechWiz LCD 3D (Sanayi) software
package. The Finite Element Method (FEM) solver finds the minimum energy state of the LC
director given LC material parameters, boundary conditions and applied voltages. A unit cell of
the simulated nano-well array can be seen in Figure 45 (a) where the LC layer is approximated
with 50 layers which has been found to give well converged results. The simulations are run in
increments of 0.1 V and result in LC director tensors that represent the LC orientation throughout
the cell. We then convert this data into the “tilt” (θ) and “twist” (φ) angles of the LC which can
be seen in Figure 45 (b). These simulation results will then be used in a Jones Matrix formulation
to find the optical behavior of the LC cell.

Figure 45 | FEM LC Modeling and Results. A unit cell of the simulated nano-well array can be seen in
a), consisting of 50 layers of LC. The cell gap is 8.45 μm and is obtained through experiment. The top
polyimide has as strong anchoring condition (1e-4 Nm-1) with a pre-tilt of 3o and in-plane director of 0o.
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The aluminum surface is also simulated with a strong anchoring and in-plane director of 45o which is
derived from our previous work. b) shows the resulting θ and ϕ as a function of cell position and voltage.

Once the direction of the LC throughout the cell is known, we use a Jones Matrix
formulation to solve for the cell’s optical properties. This is done by approximating the LC layer
as a stack of N uniaxial crystals and combining their transfer matrices,
𝐿𝐶𝑗 = ∏𝑁
j=1 𝑀𝑗

(5)

where
𝑔j

−𝑖
2
𝑀j = 𝑅𝑜𝑡(−𝜑) ∗ [𝑒
0

0 ] 𝑅𝑜𝑡(𝜑)(6)Here, Rot is the rotation matrix and 𝜑 is the twist
𝑔j
𝑒𝑖 2
angle of the LC for a given layer 𝑗.

𝑅𝑜𝑡(𝜑) = [

cos(𝜑) sin(𝜑)
]
−sin(𝜑) cos(𝜑)

(7)

and
𝑔j =

2𝜋
𝜆

𝛥𝑛j𝑑j

(8)

This phase term depends on the thickness, 𝑑j, and birefringence, 𝛥𝑛j, of each individual
layer j.
The birefringence is given by
𝛥𝑛j = 𝑛e (𝜃j) − 𝑛o

(9)

where 𝑛𝑒 (𝜃𝑗) is the effective extraordinary index of the LC given a tilt angle of 𝜃𝑖
1
𝑛e2 (𝜃)

=

cos 2(𝜃)
𝑛e2

+

cos 2(𝜃)

(10)

𝑛o2
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Here, 𝑛𝑒 and 𝑛𝑜 are the extraordinary and ordinary indices of the liquid crystal.
To find the strength and phase of light at each layer, we iteratively perform the
above matrix multiplication for incident light that is parallel to the top LC alignment director and
which we define in the x-direction.
𝐸
[ x] j = 𝐿𝐶j[10]
𝐸y

(11)

We then use this to find the E-field that excites the plasmonic surface. To determine the
amount of each orthogonal mode of the surface that’s excited, we project the exciting light on the
𝜋

states of the surface which are defined by the in-plane angle of the LC atop it, 𝜃𝑁 ~ = 4 .
𝛼 = |〈𝜓1 |𝐿𝐶𝑁 |𝐸in 〉|

(12)

𝛽 = |〈𝜓2 |𝐿𝐶𝑁 |𝐸in 〉|

(13)

This results in wavelength and voltage dependent weighting factors, α and β, such that the
reflection spectra of the surface in the low voltage regime, where bulk LC deforms but remains
anchored LC on aluminum surface, is a superposition of the two orthogonal off-state modes.
|ψv⟩ = 𝛼|ψ1⟩ + 𝛽|ψ2⟩

(14)

These weighting terms also satisfy the following condition.
𝛼2 + 𝛽2 = 1

(15)

The resulting α and β are shown in Figure 46, respectively. Here we can see that an
effective flipping occurs within the 3.5 V to 4 V region. These weighting values are used on the
two orthogonal off-state reflection spectra of the surface to closely match experimental measured
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spectra at this flipping region, as seen in Figure 16 (e). While in Figure 17 (a), these weighting
terms are applied to the FDTD simulated reflection spectra for the surface’s two orthogonal offstate modes.

Figure 46 | Wavelength and Voltage Dependent Weighting Factors. (a) α and (b) β

To complete the model and find the reflection out of the device, we must consider reflection,
a reverse pass through the LC and exit through the polarizer. It is possible to incorporate these
into the matrix method by using the transfer matrix method in reverse, or by using the following
which is based on the symmetry of the system.
𝑅 = |[𝑐𝑜𝑠𝜑1

𝑐𝑜𝑠𝜑 2
𝑠𝑖𝑛𝜑1 ]𝐻𝑀𝐻 −1 𝑀 [ 𝑠𝑖𝑛𝜑 1 ]|
1

(16)

Where is given by.
𝐻=[

cos 𝜑𝑁
sin 𝜑𝑁

sin 𝜑𝑁
]
−cos 𝜑𝑁

(17)
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